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The development and exploitation of materials science, such as chemical 
synthesis, physical processes such as diffusion and transport, and the understanding of the 
thermodynamics that drives these processes are the foundation of new materials and 
material structures. For example, novel approaches in growth and processing techniques 
combined with an understanding of quantum effects have led to the development of 
quantum dots and nanoparticles with unique electronic and optoelectronic properties. 
Subsequently, new applications have emerged in the field of quantum dot electronics, 
energy storage systems, and optical communication devices.  
In the present study, we have extended the principles of chemical synthesis to the 
solid phase regime to achieve the formation of nanoparticles of scintillating materials 
(BaGdF5 and GdF3) in different solid glass matrices to form novel transparent 
nanocomposite scintillators. Judicious manipulation of materials choice and thermal 
processing to drive diffusion and control solubility in the liquid-solid space has resulted 
in the selection of the robust host glass matrix and the high energy radiation absorbing 
material (aluminosilicate glass as the host for BaGdF5:Tb nanoparticles). These 
nanocomposite and similar material systems offer a new approach to achieve large area, 
low-cost and efficient scintillators. As a result, we have achieved 2.4 times improvement 
in light output under gamma-ray excitation. To further enhance efficiency, we have 
investigated technologies for patterning 2D photonic crystal structures into the surface of 
the scintillators to improve light out-coupling into a photomultiplier tube (PMT). The 
potential of this embodiment has been demonstrated and resulted in a completely 
different and new opportunity for dynamic load sensing. 
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During the investigation of 2D photonic crystal structures for dynamic loading 
sensing, it has become apparent that linearly deposited multilayer (1D photonic crystal) 
structures offer the best solution; therefore, optical microcavity (OMC) and distributed 
Bragg reflector (DBR) multilayer structures have been examined in greater detail. From a 
deeper understanding of the interplay between the optical and acoustic properties, highly 
sensitive devices (Ag/Al2O3/SiO2/Al2O3/Ag asymmetrical OMC (AOMC) and 
SiOx1/SiOx2 DBR structures) have been successfully developed and extensively 
characterized. At a relatively low applied shock pressure of ~4 GPa, both structures have 
exhibited spectral peak shifts of ~14-24 nm with response time <3 ns, limited only by the 
acoustic properties of the optically active material.  These devices demonstrate the unique 
attributes of high sensitivity to shock pressure, ultra- fast response and with the additional 
potential for 2D imaging which can further widen the understanding of materials 







The development and exploitation of materials science, such as chemical 
synthesis, physical processes such as diffusion and transport, and the understanding of the 
thermodynamics that drives these processes are the foundation of new materials and 
material structures. The tremendous advancement in state-of-the-art fabrication, synthesis 
and characterization techniques combined with more comprehensive understanding of 
materials, have led to development of innovative products providing unprecedented 
convenience in life. With increasing intellectual thoughts, ideas, and drives for new 
concepts, there are increasing needs for components with more specific requirements. 
Subsequently, many optical structures are being utilized as they can provide more 
information due to intrinsic nature of fast response (as it utilizes light). For example, 
there are increasing needs in sensors that can provide accurate information in a very short 
time such as in self-driving vehicles. Optical sensors can fulfill these requirements but 
can also be used to understand the unknown materials properties in extreme conditions. 
Another example would be in a medical field. Optical medical imaging tools capable of 
providing high resolution images in less invasive ways can provide doctors an immense 
amount of precise information that can help treating patients. Therefore, in this thesis, we 
will investigate various optical structures to provide advanced capabilities for sensor 




1.2 Operating Principles 
1.2.1 Scintillators 
 A scintillator is a material that absorbs energy when struck by an incoming 
high energy particle (such as light) and re-emits the absorbed energy in the form of light 
at a lower energy after a delay ranging anywhere from nanoseconds to hours [1]. Basic 
principal operation of the scintillator when coupled to a photomultiplier tube (PMT) is 
shown in Figure 1.1.  
 
Figure 1.1 Basic working principle of scintillator 
Usually, scintillators are used as a high energy light detector (such as x-ray) as it 
can absorb high energy light and re-emits in the visible light region that can be coupled to 
a PMT. The PMT converts this light into an electric signal which can be analyzed and 
provide meaningful information. This setup is used to amplify the signal up to ~1000 





scintillators used in the market. Main applications of scintillators are in medical imaging, 
radiation therapy tools and radiation detectors. 
1.2.2 Photonic Crystals 
Photonic crystals (PhCs) are composed of periodic materials with high and low 
refractive index regions that affect the propagation of light. PhCs can have this periodic 
variation in one, two or all three orthogonal directions. An example of 1D, 2D, and 3D 
PhC structures are shown in Figure 1.2 [2].  
 
Figure 1.2 Simple Schematic of 1D, 2D, and 3D photonic crystal structures 
Photons can propagate through this periodicity depending on their wavelengths. 
Propagation allowed wavelengths are called modes, and they form photonic bands. 
Inhibited groups of wavelengths form photonic bandgaps. PhCs affect light similar to 
how the periodic potential in a semiconductor crystal affects the electron motion; by 
allowing and forbidding electronic energy bands. After the publications of the idea of 
controlling light through the PhC in 1987 by Yablonovitch [3] and John [4], utilization of 
PhCs in various fields had been investigated. Since the basic physical phenomenon is 
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based on diffraction, the periodicity of the PhC structure has to be of the same length-
scale as half the wavelength of the photon. Thus, they could not be applied to 
applications other than in the microwave range due to the difficulty in fabricating these 
structures at the scale for modulating optical wavelength. However, with recent 
developments in advanced fabrication techniques and tools due to the semiconductor 
industry, fabricating PhC structures in the optical range has become possible, and their 
uses in various applications are being explored extensively. These applications include, 
but are  not limited to sensors for measuring pressure[5-10], strain, gas [11-13], chemical 
and more sensors [14-16], light enhancements [17], and fiber optics.  
. 
1.2.3 Optical Microcavities 
Optical microcavities (OMCs) are composed of an optical medium layer (a 
cavity layer) sandwiched between two highly reflecting mirror layers and examples of 




Figure 1.3 Schematics of various OMC structures 
For a given refractive index material, the thickness of the cavity layer in the 
OMC structure determines the resonant frequency, the cavity mode, the particular 
wavelength which can be transmitted. As the thickness increases, the number of cavity 
mode increases. Thus, the thickness of the cavity layer is usually only a few micron 
meters to the submicron range ensuring that cavity-modes are sparsely distributed. The 
advantage of the OMC structure arises from the well-defined cavity modes. Very narrow 
bands of wavelengths can be highly transmitted and the rest of the frequencies are highly 
reflected. OMCs have applications from a wide range of fields such as vertical cavity 
surface emitting lasers, cavity-enhanced single photon quantum dot emission and many 






1.3 Background and Challenges and Research Objectives 
1.3.1 Transparent nanocomposite scintillators 
Currently, there are several kinds of scintillators that are used in medical imaging 
tools and high energy photon detectors. Scintillators made with micron-sized phosphors 
are efficient and bright, but spatial resolution is limited due to their strong light scattering. 
This causes significant light loss due to repeated scattering and self-absorption during 
propagation, especially through relatively thicker screens [20-23]. These scintillators are 
mostly used in detectors and they are not suitable for medical imaging or radiation 
therapy tools where the contrast and resolution are important. On the other hand, single 
crystalline scintillators such as SrI2:Eu, LaBr3:Ce and Y3Al5O12:Ce can provide very high 
luminosity and spatial or energy resolution, but growth of these single crystals is difficult 
and time-consuming which makes them prohibitively expensive [24]. The most efficient 
scintillators are rare earth (RE) doped halide single crystals, which are hygroscopic and 
require housing in an air-tight enclosure. Furthermore, it is difficult to create large 
samples without developing a doping gradient, which causes non-uniform light yield and 
degrades resolution [25]. Hence, single crystalline scintillators have excellent 
performance suitable for medical imaging and radiation therapy tools but they are 
expensive. Thus, scintillators that can have adequate contrast and spatial resolutions for 
portal imaging tools with low materials and manufacturing costs would be competitive in 
current markets. 
As a result, several kinds of scintillators have been reported. Single crystalline 
scintillators such as CsI or CdWO4 can be constructed into thick pixelated arrays for high 
detective quantum efficiency (DQE) portal imaging at MV energies, but they have not 
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been commercialized due to their high costs. Recently, transparent ceramic scintillators, 
garnet systems, were reported as efficient scintillators [25, 26]. Typically, a cubic 
structure material which exhibits isotropic optical properties is required. These materials 
were made into nanoparticles, vacuum-sintered, and hot isostatically pressed into a 
transparent scintillator exhibiting scintillation properties comparable to single crystals. 
However, this fabrication technique is complex and expensive, and large-sized 
scintillators are difficult to obtain which limits their applications.  
The alternative approach is using a novel transparent nanocomposite scintillator 
where nanocrystals responsible for scintillation are encapsulated in a robust glass matrix. 
They can be made at a fraction of the cost (~$1/cm
3
) with large scalability, and high 
thermal, chemical and mechanical stability. However, the current challenge of the 
transparent nanocomposite scintillators is the low light yield which prohibits them to be 
used in practical applications. While the performance of the nanocomposite scintillators 
may never be as high as the single crystalline scintillators, there is enormouse room for 
improvement with a systematic optimized approach.  
1.3.2 Optical structures for dynamic loading sensors 
The behavior of materials is significantly different under dynamic loading (shock) 
pressures than from their continuum behavior (under static loading conditions). This is 
especially true for a materials system consisting of heterogeneous particulate materials. 
Their response under dynamic loading is very complex and often driven by mesoscale 
features. There are several complicated events that occur due to material property 
mismatch, particle shape and size mismatches, impurities, inter-particle interactions and 
more [27-29]. For instance, in explosives, the system contains various microstructures of 
8 
 
HMX (Highly Melting eXplosive compound, also known as octogen) grains and a binder. 
Often times, there are formation of hot spots of high temperature and pressure which 
serve as reaction initiation sites [30]. It would be useful to know where and how these hot 
spots form to have more control over the reactions. Most of these studies are limited to 
simulation approaches. Since comprehensive understandings of the behaviors of such 
systems is deficient, the modelling work is also limited and unreliable. This is due to a 
lack of sensors/diagnostic tools with the desired spatial and temporal resolution that can 
give us some experimental results and information on the systems. 
Current diagnostic tools that have a temporal resolution sufficient to capture the 
dynamic behavior of a material with nanosecond resolution are mostly limited in spatial 
resolution. For example, while piezoelectric/piezoresistive stress gauges have a 
nanosecond temporal resolution, they have a spatial resolution of only several millimeters 
providing an averaged response of the system [31]. Laser velocimetry systems such as the 
velocity interferometer system for any reflector (VISAR), provide a point spatial 
resolution defined by the diameter of the laser beam (~0.5 mm), which is not a complete 
representation of a system [32]. There are other techniques available such as line-VISAR 
and the optically recording velocity interferometer system (ORVIS) that can provide sub-
mm spatial resolution but only along a one-dimensional line profile [33]. 
Thus, a current challenge is to develop shock sensors and/or diagnostic tools that 
are capable of providing information (such as stress or strain) with sufficient temporal 
resolutions (~ ns) and high spatial resolutions (better than sub-mm). Development of such 
sensors are critical to advance the understanding and knowledge of materials behaviors 
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under dynamic loading. Consequently, we can fully utilize the potential of materials to 
applications in extreme environments.   
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1.4 Research Objectives 
 There are two main objectives of this thesis: to improve the light output of the 
transparent nanocomposite scintillators and to design and fabricate photonic crystals and 
optical microcavity structures for dynamic loading sensing. The detailed objectives of the 
two main parts of the thesis are listed below. 
 For the transparent nanocomposite scintillators, the objectives are to investigate 
how the fundamental relationships between the glass matrices, choice of activators and 
sensitizers, nanoparticle concentration, doping concentrations, annealing conditions and 
temperatures, affect the formation of scintillating nanocrystals in the glass matrix and 
subsequently affect the light output under gamma-ray and x-ray excitation. To improve 
the light out-coupling of the emission light of the scintillator to PMTs (which can 
subsequently improve the light output), we will utilize a 2D PhC structure on the 
scintillators. Thus, we will investigate how the fundamental relationships between the 
materials properties, lattice arrangements, structural designs affect the photonic bandgap 
of the 2D photonic crystal structures and determine the appropriate fabrication methods 
to improve the light output of the scintillators. Such new knowledge may contribute to 
improvement of transparent nanocomposite scintillators that can aggressively be used in 
portal medical imaging tools.  
 For the dynamic loading sensors, the objectives are to specifically investigate and 
design 1D photonic crystal, distributed Bragg reflector multilayer structures and the 
asymmetrical optical microcavity multilayer structures to be used as dynamic loading 
sensors capable of providng adequate temporal and spatial resolutions. We will 
investigate the effect of the materials optical properties, and physical dimensions on the 
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spectral properties of the structures such as the peak intensity and full width half 
maximum of the characteristic peak. We will also consider the materials acoustic 
properties, and the fabrication compatibilities to obtain the optimal designs of these 
structures. Such successfully developed sensors can not only provide unprecedented 
sensing capabilities such as 2D spatial resolutions but as diagnostic tools can also help us 





1.5 Map of Dissertation 
This thesis reports (i) a robust synthetic approach for fabricating transparent 
nanocomposite scintillators for portal medical imaging tools and gamma ray detectors as 
well as the designs and fabrication approaches of (ii) distributed Bragg reflector and (iii) 
asymmetrical optical microcavities for the application of shock pressure sensing. Chapter 
2 discusses the synthesis approach of BaGdF5:Tb and GdF3:Tb based transparent 
nanocomposite scintillators in various glass systems to fully identify the fundamental 
relationships between the light output and other conditions. In Chapter 3, the design 
approach and the fabrication process of SiOxNy 2D photonic crystals for enhancing the 
light out-coupling of the emission light of the scintillators are investigated. Chapter 4 
studies specifically designed SiOx distributed Bragg reflector multilayers for dynamic 
load sensing. Chapter 5 discusses the novel Al2O3 and SiO2 asymmetrical optical 
microcavitiy structures for dynamic load sensing. Chapter 4 and 5 both describe the detail 
design and fabrication processes of these nanostructures. Lastly, Chapter 7 summarizes 
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A scintillator is a material that, when excited by ionizing radiation in the form of 
charged particles or gamma and X-ray, responds with the emission of UV or visible light. 
Currently, single crystalline scintillators such as SrI2:Eu, LaBr3:Ce and Y3Al5O12:Ce can 
provide very high luminosity and spatial or energy resolution, but growth of these single 
crystals is difficult and time-consuming which makes them prohibitively expensive [24]. 
Most efficient scintillators are rare earth (RE) doped halide single crystals, which are 
hygroscopic and require housing in an air-tight enclosure. Furthermore, it is difficult to 
create large samples without developing a doping gradient, which causes non-uniform 
light yield and degrades resolution [25]. Single crystalline scintillators such as CsI or 
CdWO4 can be constructed into thick pixelated arrays for high detective quantum 
efficiency (DQE) portal imaging at MeV energies, but they have not been 
commercialized due to their high costs. Recently, transparent ceramic scintillators, garnet 
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systems, were reported as efficient scintillators [25, 26]. Typically, a cubic structure 
material which exhibits isotropic optical properties is required. These materials were 
made into nanoparticles, vacuum-sintered, and hot isostatically pressed into a transparent 
scintillator exhibiting scintillation properties comparable to single crystals. However, this 
fabrication technique is complex and expensive, and large-sized scintillators are difficult 
to obtain which limits their applications.  
Nanocomposite scintillators made from nanocrystals encapsulated in transparent 
matrices such as a glass matrix can be made at a fraction of the cost (~$1/cm
3
) with large 
scalability. While the performance of the nanocomposite scintillators will not be as high 
as for crystalline scintillators, contrast and spatial resolution are expected to be adequate 
for portal imaging at MeV energies, with the advantage that the material and 
manufacturing costs are expected to be reduced by over 10 times. In addition, when 
halide nanoparticles are embedded in a glass matrix as in a glass ceramic, they have 
improved thermal, chemical and mechanical stability [20, 22, 23, 34-36]. Because the 
halide nanocrystals are significantly smaller in size than the wavelength of the 
scintillation light, there is negligible light scattering and the glass shows the high 
transparency of a single crystal. Compared to a completely amorphous glass scintillator, 
the embedded nanocrystals may be able to provide higher light yields and scintillator 
densities. Due to these benefits, nanoparticles embedded in a glass matrix have garnered 
considerable scientific interest over the past decade for other applications such as white 
light emitting diodes, laser material, etc. [37, 38]. However, to replace currently used 
scintillators for high performance X-ray imaging applications, the light yield of 
nanocomposite scintillators must be improved. 
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Light yields of transparent nanocomposite scintillators can depend on many 
factors such as the volume fraction of nanocrystals to glass matrix, choice of nanocrystals 
and glass compositions. For instance, the desired glass matrix should have low phonon 
energy to minimize non-radiative recombination, few intrinsic traps that can reduce light 
output, and a high density for sufficient stopping power for high-energy applications. 
Many studies have been reported on various glass matrix systems such as the silicate, 
oxyfluoride, fluoride, and phosphate systems [39]. High volume fraction of 
nanophosphor particles in a glass matrix while maintaining transparency is critically 
important to achieve the highest light yield. This can be achieved by: 1) homogenous 
distribution of nanocrystal growth below the critical size (generally 1/5th of wavelength 
of interest) to minimize scattering according to Rayleigh-Gans-Debye and Hendy’s 
Theory, or 2) minimizing the difference in refractive indices between glass and 
nanocrystals (index matching) [40]. The former approach, which controls the growth of 
nanocrystals, is often done by adding nucleation agents (such as TiO2 and ZrO2) [41]. 
The latter approach is complex and difficult to achieve [42, 43]. Lastly, in order to 
improve light yield, the choice of nanocrystals is important. Previously, different 
nanocrystals have been examined with many related to this study including GdF3 [44], 




 are not as efficient 
sensitizers for X-rays as Gd
3+
. Also, GdF3 and BaYF5 nanoparticles formed in glasses are 
tetragonal structure, so their refractive indices are anisotropic. This limits their particle 
size and the resulting volume ratios possible as their refractive index cannot be matched 
to the matrix. However, BaGdF5 nanocrystals exhibit cubic structure, which means the 
refractive index is isotropic and can be matched to the matrix. The refractive index of 
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BaGdF5 is not yet reported in literature but it is expected be between the refractive index 
of BaF2 (n=1.48) and GdF3 (n=1.59) and the glass composition can be tuned to modify 
the refractive index in this range [50, 51]. Furthermore, BaGdF5 doped with Tb has 
exhibited a high quantum efficiency due to the quantum cutting effect through cross-
relaxation and subsequent direct energy transfer [52]. Huang et al. has reported that Tb 
doped glass ceramic containing BaGdF5 nanocrystals can be prepared with enhanced 
luminescence properties [53]. However, they did not thoroughly evaluate the system to 
improve nanocrystal formation and enhance scintillation performance to develop it as an 
efficient nanocomposite scintillator. 
This chapter seeks to identify the factors that affect the light yield of transparent 
glass ceramic nanocomposite scintillators and to investigate how to improve the light 
yield by controlling these factors. For instance, two different nanocrystals materials, 
GdF3:Tb and BaGdF5:Tb, were grown by different annealing conditions and their effects 
in scintillation performance are compared. Likewise, several approaches were evaluated 
to improve the light yield of the transparent nanocomposite scintillator. Also future 
research directions for optimizing the transparent nanocomposite scintillators in portal 
imaging tools are provided.  
2.2 Experimental 
Transparent Tb doped GdF3 and BaGdF5 glass ceramic nanocomposite 
scintillators were prepared via a melt-quench method followed by annealing. Robust 
aluminosilicate glass was selected as the matrix material to encapsulate nanocrystals. 
Other glass matrices such as lead based and germanium based were also considered but 
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not chosen due to their high phonon energy and high cost respectively. The composition 
of samples was systematically investigated with ratios of raw materials adjusted as 
following for GdF3 and BaGdF5 scintillators: 40SiO2-26Al2O3-15NaF-16GdF3-3TbF3 and 
45SiO2-5Al2O3-24BaF2-(10-z)NaF-zCsF-2yTbF3-(12-x-y)Gd2O3-2xGdF3 (0≤x≤5, 0≤y≤4, 
0≤z≤10) respectively. Several other glass systems were also investigated: 34SiO2-16PbO-
16Al2O3-20NaF-10GdF3-4TbCl3 for lead oxide based glass matrix, 25B2O3-50GeO2-
19Gd2O3-6TbF3 for germanium oxide based glass matrix, and 20SiO2-33B2O3-15BaF2-
26Gd2O3-6TbF3 for borosilicate based glass matrix. High purity powders of raw materials 
consisting compounds responsible for glass matrix and nanocrystal were carefully 
weighed to a total mass of approximately 20 g and thoroughly mixed. The mixture was 
loaded into a covered alumina crucible and placed in a box furnace for melting. The box 
furnace was heated to 1400 °C and held at that temperature for 3 hours in air or an argon 
atmosphere. An error of ±1 °C was expected for all temperature controls. The mixture 
was quenched by pouring into a 500 °C pre-heated graphite mold and then slowly cooled 
down to room temperature. The density of each sample was measured using the revised 
Archimedes’ principle. Various annealing studies were done from simple annealing to 
two-step annealing between 550-700 °C for 1-24 hours in order to promote the 
nanocrystal nucleation and growth inside the glass matrix. Over 100 samples were 
prepared and their optical, structural and scintillation properties were characterized. 
Photoluminescence (PL) and photoluminescence excitation (PLE) spectra 
measurements of bulk or powdered samples were carried out using a Spex1000M 
spectrometer with a 150W Xe lamp/monochromator combination as the excitation source. 
Luminescence decay measurements were obtained using a 355 nm tripled Spectra-Phyics 
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YAG:Nd 10 ns pulsed laser as the excitation source and a Tektronix DSA 602A 
oscilloscope to collect the transient decay signal. Absorption spectra measurements were 
performed using a Cary 5000 UV-VIS-NIR Spectrophotometer. X-ray images were 
acquired under 6 MeV X-ray irradiation using a Varian Clinac with a modified AS1000 
portal imager. Gamma ray excited brightness was measured by wrapping the sample with 
reflecting Teflon tape on its sides and on the face that would be exposed to the radiation 
source. Optical coupling was accomplished by applying optical grease to the exposed 
face and placing onto a Hamamatsu R669 photomultiplier tube (PMT). The PMT was 
connected to a current meter to directly read the relative light output signal from the 
excited sample. The radioactive isotope point sources used for the gamma ray tests were 
0.1 µCi Cobalt-60 and 0.1 µCi Manganese-54. To obtain more accurate optical results (to 
minimize the surface effect), scintillators were polished to a similar volume and mass. 
 X-ray diffraction (XRD) spectra were obtained on finely powdered samples using 
an X’pert Pro Alpha-1 to check the crystallinity of nanoparticles and their particle size. 
Differential scanning calorimetry (DSC) analysis was performed using a Netzsch DSC 
404 F1 to obtain the crystallization kinetics of the system. Scans were performed 
20 °C/min up to 800 °C under 45 ml/min ultra-high purity argon flow. Pieces between 
10-20 mg were measured in an Al2O3 lined Pt-Rh crucible with a Pt-Rh lid in a SiC 
furnace. Baseline corrections were performed with empty crucibles. Using the FEI Tecnai 
F30 Transmission Electron Microscope (TEM), high magnification bright-field images 
and selected-area electron diffraction (SAED) patterns from powdered samples were 
gathered to assess the crystallinity of nanoparticles embedded in the glass matrix. Further, 
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the composition of nanoparticles were revealed by X-ray energy dispersive spectrography 
(EDS) in scanning transmission electron microscopy (STEM) mode. 
2.3 Results and discussion 
Transparent nanocomposite scintillators were successfully prepared. Typical 
samples under 365 nm UV light and 6 MeV X-rays can be viewed in Figure 2.1 and its 
inset image, respectively. The dimensions of most samples were about 22.0 ± 1.5 mm in 
diameter and 9.5 ± 1.0 mm in thickness. Compositions of glass matrix and crystal 
components were systematically optimized to enhance scintillator performance. Two sets 
of samples which exhibited efficient scintillation properties, GdF3:Tb nanocrystal based, 
and BaGdF5:Tb nanocrystal based are discussed in detail in this thesis.  
 
Figure 2.1 Images of successfully fabricated transparent nanocomposite scintillators 




2.3.1 Optical Characterization 
   
Figure 2.2 (a) PL spectra of BaGdF5 nanocrystal based scintillator samples with 
different Tb doping concentration; y denotes to molar amount of Tb in raw 
composition and (b) PLE spectra of the 2% Tb doped BaGdF5 based sample 
Figure 2.2 (a) shows the photoluminescence (PL) spectra of BaGdF5 
nanocomposite scintillators synthesized with different Tb doping concentration. It should 
be noted that the GdF3 PL and PLE spectra are very similar and follow the same trends to 
the BaGdF5’s PL and PLE spectra as the rare earth ions are identical for both scintillators. 
For main emission peaks located at 491, 543, 586 and 623 nm in visible range are 




FJ (J = 6, 5, 4, 3) energy transitions in Tb
3+
 ions [44, 52, 54]. The 
emission occurring at 543 nm is the most intense and accounts for the vibrant green color 
observed under ultraviolet light (Figure 1). Increases in PL peak intensities were 
observed with increasing Tb doping concentrations. X-ray radiation results on BaGdF5 
samples (Table 2.1) follow a similar trend as PL intensity, where scintillation 
performances are enhanced with increased Tb doping concentrations from y=1 to y=4. As 
Tb doping concentration increases, the higher light output under X-ray is observed both 
per unit mass and per unit volume. About 60% higher light output per unit volume was 
observed from the y=4 doped sample compared to the y=1 doped one. An example of the 
photoluminescence excitation spectrum of the BaGdF5 sample monitored at 543 nm is 



























































PJ energy levels respectively. The excitation 
bands observed around 351 and 373 nm are attributed to the 4f transitions in Tb
3+
, which 
contribute to the main visible Tb
3+
 emissions peaks. The excitation peak at 485 nm is also 




D4 energy levels. The 273 nm and 312 nm 
excitation peaks are clearly shown by monitoring the intense 543 nm Tb
3+
 emission line 




 ions similar to the 




 containing scintillators materials [55, 56]. 
Table 2.1 X-ray radiation results on BGFT scintillators 








8.635 ± 0.0005  1.986 ± 0.0005 4.347 ±0.001 1.000 ±0.004 
BaGdF5:Tb 
(y=2) 
5.769 ± 0.0005 1.392 ± 0.0005 4.144 ±0.002 1.152 ±0.006 
BaGdF5:Tb 
(y=3) 
10.779 ± 0.0005 2.562 ± 0.0005 4.208 ±0.004 1.438 ±0.007 
BaGdF5:Tb 
(y=4) 
9.985 ± 0.0005 2.351 ± 0.0005 4.247 ±0.001 1.613 ±0.004 
 
 





























Figure 2.3 shows the PL and PLE spectra of GdF3 transparent nanocomposite 
scintillator without any Tb doping. Under 278nm excitation, the PL spectrum exhibits a 
main peak at 313 nm and a broad emission band from 350-450nm. As discussed 





S7/2 levels within Gd
3+
. As expected, peaks resulting from the energy transtions 
of the Tb
3+
 ions are not observed and thus the sample does not show any green color 
emission under a UV light.  Also, the PLE spectrum confirms the 278 nm Gd
3+ 
excitation 
peak when monitoring the emission at 313nm. 
2.3.2 Glass Matrix Comparisons 
As mentioned in the experimental section, several other glass systems were 
investigated. Table 2.2 shows the list of the investigated glass systems with the respective 
molar compositions of samples with the highest light output under gamma-ray excitation.  
Table 2.2 Gamma-ray excitation results on other scintillator systems with GdF3 or 
BaGdF5 nanocrystals in different glass matrices 
























4.21 1.9 1.84 
 
As it can be easily deduced from the result on Table 2.2, the lead oxide based 
glass system was the least efficient and the alluminosillicate based glass system was the 
most efficient in terms of the light output under the gamma-ray excitation. This is mostly 
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attributed to the high density of the system. But it can also be contributed to the lead 
oxide based system which inhibits the efficient energy transfers. The germanium oxide 
based glass system showed promising results but it was not further pursed due to the high 
raw materials cost. Therefore, we decided to extensively focus on the alluminosilicate 
based glass system. 
2.3.3 GdF3 and BaGdF5 nanocrystal comparisons 
 
Figure 2.4 XRD spectra of both GdF3 (left) and BaGdF5 (right) nanocrystal based 
scintillators collected at respectively different annealing temperatures. 
Both GdF3 and BaGdF5 nanocrystals were successfully embedded in the 
aluminosilicate glass which was confirmed by the XRD spectra as shown in Figure 2.4. It 
should be noted that the GdF3 nanocrystals start to form at a much lower annealing 
temperature (~at around 550 °C vs 700 °C for the BaGdF5 nanocrystals). For BaGdF5, no 
sign of peak representing crystalized particle formation (nanocrystal nucleation & growth) 
is observed even at 650 °C.  
Subsequently, both sets of scintillators were optimized in terms of raw material 
composition and the annealing condition that gave the highest light yield without losing 
the transparency of the sample. Their performances in gamma ray radiation were 
examined (shown in Table 2.3).  



















































































       
The BaGdF5 nanocrystal based scintillator has a higher density, 4.208 g/cm
3
, than 
the GdF3 nanocrystal based scintillator, 3.213 g/cm
3
. With a higher density, the BaGdF5 
based scintillators have higher gamma-ray absorption cross-sections to achieve increased 
gamma-ray stopping power and increased rate of events of gamma-rays transferring 
energy to electrons which increase the overall light output. Thus, the higher light output 
per unit volume observed in BaGdF5 based scintillators under gamma ray excitation can 
be partially attributed to a higher density. However, the observed light output per unit 
mass was also higher which suggests that more phosphor crystals are present in the 
BaGdF5 based scintillators. This is possible as BaGdF5 crystal is cubic structure, which 
means it has an isotropic refractive index. Therefore, with refractive matching, larger 
nanocrystals can be formed without causing scattering. Whereas for GdF3 nanocrystal 
based scintillators, index matching is not possible and the size of the grown nanocrystal is 
limited. Higher light output per unit mass observed for BaGdF5 based scintillators can 
also be contributed to the BaGdF5 itself, where nanocrystals are more efficient phosphors 
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during ionization excitation due to an effect similar to quantum cutting as observed by 
Tzeng et al. [52]. They observed that when BaGdF5 is doped with Tb, through many 
cross-relaxation and subsequent direct energy transfer, a quantum efficiency of > 100% 
can be achieved when Tb
3+
 is excited by high energy UV photons. Therefore, for the rest 
of this chapter, we have focused on working with Tb doped BaGdF5 nanocrystal based 
scintillators to maximize the improvement of the light output and the scintillation 
properties. 
2.3.3. BaGdF5 nanocrystal based scintillator with GdF3 nucleation agent 
As discussed in the earlier section, the light yield of the scintillator depends on the 
volume of the nanocrystals embedded in the glass matrix. Thus, to improve the 
nucleation rate and concentration of BaGdF5 nanocrystal formation, we have introduced 
GdF3 into the raw material composition and the two sets of the scintillators, BaGdF5:Tb 
glass ceramic with GdF3 (denoted as BGFTGF) and without GdF3 (BGFT) are compared 
in detail. It should also be noted that the BGFTGF scintillator exhibited very similar PL 
and PLE spectra as the GdF3 based scintillators and the BaGdF5 based scintillators 





Figure 2.5 Absorption spectra of y=4 Tb doped BGFT and BGFTGF samples. 
Comparing the absorption spectra of y=4 Tb doped BGFT and BGFTGF samples 
(Figure 2.5), the BGFTGF sample shows a blue-shift in the absorption edge (from 380 
nm to 300 nm) indicating the increase in transparency at shorter wavelengths. This can be 
attributed to fewer defects presented in the glass matrix and/or improved nanocrystal 
precipitation in the glass with better index match when GdF3 was added. Higher fluoride 
content from added GdF3 can also influence electronic transitions in the glass which 
primarily affects absorption in the shorter wavelength region. For both samples, observed 
Tb absorption intensities at 485 nm are similar as shown in the enlarged inset of Figure 
2.5. Between samples with the same glass composition and different Tb doping 
concentration, it was determined that the absorption intensities at 485 nm mainly depend 
on Tb doping concentrations with a positive correlation and the cut-off edges in 
absorption remained at about the same location. This confirms that the difference in UV 

































Figure 2.6: Decay results of y=4 Tb doped BGFT and BGFTGF samples. 
The decay curves of y=4 Tb doped BGFT and BGFTGF samples measured at 




]. Estimated decay times, τ, are 2.64 ms and 2.89 ms for BGFT sample and 
BGFTGF sample with R
2
 value of 0.99893 and 0.99762 respectively (R
2
 is the coefficient 
of determination, indicating how well the data fit the function). It is observed that the 
decay time was negligibly affected by the Tb doping concentration, but 250 μs longer 
decay time was observed from the BGFTGF sample. The shorter decay time exhibited in 
BGFT sample can indicate higher defect concentration in the sample, which may have 
presented in both the glass and embedded nanocrystals. Defects can effectively act as 
non-radiative recombination sites which induce light loss. Since there is more non-
radiative recombination in the system, a faster quench of luminescence is observed. A 
glass ceramic system with more nanocrystals will exhibit less defect concentration and 
longer decay time. From these results, it was determined that the BGFTGF sample 
exhibits longer decay time due to the system with fewer defects and more efficient 





























Figure 2.7 XRD spectra of BGFTGF:y=3 (left) and BGFT:y=1 (right) samples at 
different annealing conditions; top marker represents BaGdF5 peak positions and 
bottom marker represents small peaks that are suspected to be responsible by (110) 
and (300) of GdF3 
Table 2.4 XRD analysis on BGFTGF:y=3  and BGFT:y=1 samples. 
hkl 111 200 220 311 222 
2θBGFTGF [°] 26.293 30.404 43.503 51.526 53.974 
aBGFTGF [Å ] 5.866 5.875 5.879 5.878 5.880 
2θBGFT [°] 26.192 30.274 43.208 51.129 53.499 
aBGFT [Å ] 5.888 5.899 5.917 5.920 5.928 
2θJCPDS: No 24-0098 [°] 25.651 29.655 42.401 50.373 52.551 
aBaGdF5 [Å ] 6.010 6.020 6.025 6.003 6.028 
 
The XRD spectra of BGFTGF (y=3) samples and BGFT (y=1) samples (Figure 
2.7) are presented at respectively different annealing temperatures. Above their respective 
highest temperatures, scintillators started turning semi-transparent. For both sets of 
samples, XRD results confirm the formation of the cubic BaGdF5 crystals when peak 
positions are compared to the reported data (JCPDS: No 24-0098) [45, 53, 54]. The size 
of nanoparticles were estimated using the Scherrer formula; 𝐷ℎ𝑘𝑙 =
𝐾𝜆
𝛽𝑐𝑜𝑠𝜃
, where λ = 
0.154056 nm is the wavelength of CuKa radiation, θ is the Bragg angle of X-ray 
diffraction peak, β is the full width at half-maximum of the diffraction peak and the 
constant K = 0.90. The approximate crystal size of the BGFTGF sample which annealed 








































at 600 °C was calculated to be 24.6 nm whereas the BGFT sample which annealed at 
700 °C was estimated to be 36.8 nm. Also, the lattice parameter, a, of BaGdF5 was 
calculated using the Bragg equation, 2
𝑎
√ℎ2+𝑘2+𝑙2
𝑠𝑖𝑛𝜃 = 𝑛𝜆. The calculated lattice 
parameters (shown in Table 2.4) for both sets of samples are very similar and only 
slightly different from the JCPDS reference data. This discrepancy can be due to Tb 
doping, where about 1.4% smaller in radius Tb atom substitutes a Gd atom and modifies 
the unit cell. Another noticeable distinction between BGFT and BGFTGF samples is the 
difference in the required annealing temperatures to precipitate BaGdF5 nanocrystals. 
BGFT samples required a higher annealing temperature of 700 °C. As a result, there are 
unwanted impurity phases present in the XRD spectra which can explain the previously 
observed results: less transparency in lower wavelength region from absorption spectra 
(Figure 2.5) and shorter decay time (Figure 2.6). Furthermore, the amorphous 
backgrounds present in the XRD spectra of BGFT samples are relatively high compared 
to the peak intensities. The volume fraction of BaGdF5 was calculated to be 33.4% for the 
700 °C annealed sample based on the ratio of integrated peak intensity to the amorphous 
background. BGFTGF samples required a lower annealing temperature and XRD peaks 
begin to appear at 575 °C. It should be noted that additional small peaks at 26 ° and 45 ° 
which are present in the 575 °C and 590 °C samples as shown in Figure 2.7 (a) are also 
shown in Figure 2.4(a). These are the characteristic peaks for the hexagonal GdF3 
nanocrystals ((110) and (300) for 26 ° and 45 ° respectively) [55]. At 600 °C, these peaks 
are not present. It is presumed GdF3 nanocrystals nucleated at a lower temperature such 
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as 575 °C and acted as nucleation seeds for the growth of BaGdF5 nanocrystals at higher 
temperatures. The volume fraction of BaGdF5 nanoparticles was calculated to be 37.4% 
for the 590 °C BGFTGF sample, signifying a higher volume fraction of nanocrystals was 
obtained while maintaining the transparency by utilizing the GdF3 nucleating agent. 
 
Figure 2.8 DSC thermograms of y=3 Tb doped BGFT and BGFTGF samples at 
20 °C/min heating rate. 
 
DSC analysis was performed on y=3 Tb doped BGFT and BGFTGF samples to 
identify and differentiate the crystallization kinetics of each system (Figure 2.8). The 
glass transition temperature, Tg, the onset temperature of crystallization, Tx, and the peak 
temperature of crystallization, Tp, for the BGFTGF sample are determined to be 593 °C, 
644 °C, and 761 °C respectively, similar to previously reported results by Karmakar et al. 
[45]. BGFT sample has Tg, Tx, and Tp at 622 °C, 675 °C and 775 °C respectively. 
However, Zhang et al. reported these values to be much lower for BaGdF5 nanocrystals 
[38]. This deviation can be attributed to the difference in the system and the lower 
heating rate used which generally lowers these temperatures. Regardless, this DSC result 
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confirms that the addition of GdF3 lowers the crystallization temperature and further 
strengthens the idea of GdF3 performing as a nucleating agent.  
 
Figure 2.9 TEM images of the BGFTGF:y=3 sample, top inset image shows SAED 
pattern and bottom inset image shows low magnification TEM image revealing 
uniform distribution of nanoparticles. 
 
Figure 2.10 EDS scanning profile in STEM mode for various elements in the typical 
BGFTGF scintillator sample 
 
In addition, high magnification images were captured utilizing TEM to confirm 




























using a mortar and pestle and suspended in isopropanol that was deposited and dried on a 
TEM grid. The bright-field image in Figure 2.9 clearly represents the embedded BaGdF5 
crystals in a glass matrix with a cluster particle size < 100 nm, but each cluster was 
composed of several smaller grains of 20-30 nm, which is in agreement with the XRD 
result. The inset lower magnification image (top right) reveals the uniform distribution of 
these nanocrystals. In spite of the relatively large size of the cluster, the scintillator 
remained transparent signifying a close refractive index matching between the 
nanocrystals and the glass matrix. Encouragingly, Berthier et al demonstrated that glass 
ceramic with high volume fraction could remain transparent despite having large crystal 
size of ~8 µm by index matching [43]. With a larger crystal size, it is possible to achieve 
a higher light output due to less surface defects. For more accurate analysis, EDS spectra 
(Figure 2.10) were collected on the sample. The inset image demonstrates the annular 
dark-field STEM image with the redline representing a scanning profile. As the scanning 
profile hovers over the nanoparticle, the EDS results display increased counts of elements 
in the BaGdF5:Tb nanoparticles, such as Ba, Gd, Tb, and F and decreased counts in the 
glass matrix, Si, Al and O. This result further confirms that the formed nanocrystals are 



























































Table 2.5 shows the comparison of all the discussed transparent nanocomposite 
scintillators in gamma ray radiation: GdF3 nanocrystal, BaGdF5 nanocrystal (BGFT), and 
BaGdF5 nanocrystal with GdF3 nucleation agent (BGFTGF). As discussed in the earlier 
section, BaGdF5 nanocrystal based scintillators exhibited superior (at least 2 times higher) 
relative light output in gamma ray compared to GdF3 nanocrystal based scintillators due 
to higher density, higher nanocrystal volume to glass matrix and quantum cutting effect. 
When comparing between BGFT and BGFTGF (BaGdF5 based sample with and without 
GdF3 nucleation agent), BGFTGF sample exhibited a higher light output in both per unit 
mass and per unit volume. This is attributed to the higher crystalline volume ratio for 
better energy transfer between matrix and Tb
3+
 dopants and less defects present in the 
system as shown from previous section. As the XRD and DSC results confirmed, GdF3 
helped nucleation of BaGdF5 crystals at a lower temperature. As a result, BaGdF5 
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nanocrystals are more uniformly distributed and formed efficiently increasing the 
crystalline volume ratio. In addition, decay and absorption results confirmed that the 
BGFTGF system has fewer defects in the system which improves the light yield. 
Therefore, despite the minimal density difference, the BGFTGF sample exhibited a 
higher light output under gamma ray excitation.  
2.4 Conclusion 
Transparent nanocomposites scintillators were synthesized by a melt-quench 
method followed by annealing to precipitate GdF3:Tb and BaGdF5:Tb nanocrystals in an 




 ions were 
observed in both GdF3 and BaGdF5 based scintillators. The luminescence intensity was 
enhanced with increasing Tb doping concentration as confirmed by PL and X-ray 
imaging results. Gamma ray results confirmed that BaGdF5 based scintillators are more 
efficient than GdF3 based scintillators due to their higher density, increased nanocrystal 
volume compared to glass matrix, and quantum cutting effect. GdF3 was added to the 
BaGdF5 nanocrystal based scintillator raw material before the melt-quenching procedure 
to increase the nucleation rate. A blue-shift in absorption edges and a slower decay time 
observed in the sample with added GdF3 suggests that there are fewer defects in the glass 
matrix and nanocrystals. The XRD results confirmed the formation of BaGdF5 
nanocrystals after annealing. With the addition of GdF3, the glass ceramic scintillators 
required a lower annealing temperature (700 °C -> 600 °C) to precipitate BaGdF5 
nanocrystals. Also, a higher nanocrystal to matrix volume fraction could be achieved due 
to a more uniform homogeneous distribution of nanoparticles. DSC results confirmed that 
the addition of GdF3 lowered glass transition temperature, onset crystallization 
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temperature and peak crystallization temperature. The formation of nanocrystals was 
confirmed by TEM and clusters near 100 nm in size were observed which consisted of 
20-30 nm sized grains. In spite of the relatively large cluster size, the sample remained 
transparent probably due to close index matching between the glass matrix and 
nanocrystals. The nanoparticles’ compositions were confirmed by EDS. Gamma-ray 
results indicated that the performance of the BaGdF5 nanoparticle based scintillators was 
further improved with GdF3 added as a nucleating agent. This is mostly attributed to the 
increased volume ratio of nanoparticles (33.4% -> 37.4%) from accelerated homogeneous 
nucleation. These results indicate that with GdF3 added, higher nanoparticle volume 
fractions can be achieved. With improved light yield from higher volume fractions, these 










An additional area of utilizing photonic crystal (PhC) is improving the 
performance of optical devices. When a layer of PhC with appropriate photonic band 
structure is placed on top of a light emitting device, it can direct the emitted light to be 
more vertical. Thus, an optimized design can improve light extraction of a device using 
the guided mode of the PhC. For example, a significant fraction of light generated in a 
medium of high refractive index material is trapped due to total internal reflections. For 
light emitting diodes (LEDs), the out-coupling (extraction) efficiency is very low. There 
have been many rigorous studies on employing a surface PhC on LEDs. Oder et al. 
demonstrated 63% and 95% improvement in performance for group III-nitride blue and 
UV LEDs respectively, with 2D surface PhC fabricated using electron-beam lithography 
[17]. Such encouraging results have sparked investigations of using a surface PhC on 
LED. Many fabrications techniques that can be scaled up were explored such as nano-
imprint lithography [57], nanospheres lithography [58], and holographic lithography [59]. 
Furthermore, other applications and the use of PhC structure to enhance their 
performances were investigated. For instance, Xu et al. have examined the use of PhC 
structures on organic light emitting diodes [60]. Not only did the PhC structure improve 
the light extraction efficiency, but the anisotropy effect of light extraction was also 
clearly observed. There have also been some simulation studies and experimental results 
demonstrating the enhancement of scintillator performance with the use of PhC structures. 
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Knapitsch et al. reported extensive simulation studies on the effects of surface PhC 
structures on scintillators and experimentally confirmed the improvements [61-63]. Also, 
Zhu et al. used a hexagonal monolayer array of polystyrene nanospheres as a surface 2D 
PhC layer and achieved an increase in extraction efficiency of 25% [64]. These results 
suggest the promising potential of PhC structures for light extraction enhancement in 
various optical applications.  
In this chapter of the thesis, we report an investigation of the use of 2D surface 
PhCs on the transparent nanocomposite scintillators that were investigated and optimized 
in the previous chapter. Despite the improvements reported in the previous chapter, the 
light output under X-ray or gamma-ray excitation was still low compared to single 
crystalline scintillators. The use of the 2D surface PhC is expected to have more direct 
light emission with less total internal reflection which should improve the light out-
coupling to the PMT and thus the scintillation performance (light output under X-ray or 
gamma-ray) as shown in Figure 3.1.  
 
Figure 3.1 Schematics of the transparent nanocomposite scintillator without and 
with a 2D PhC surface layer: (a) the emission is expected to be more vertical with 
the 2D PhC which helps the out-coupling into the PMTs (b) close up view of the 
scintillator structure with the 2D PhC layer. 









Various 2D surface PhC designs and the effect of materials were first studied 
using a simulation approach. PhCs are periodic structure having a lattice constant ‘a’ and 
a hole size ‘d’. There are several structural factors (designs) that can affect the 
propagation of the light for 2D surface PhC. For example, the periodic structures 
(cylindrical holes or pillars) can be arranged in two different lattices; triangular (or 
hexagonal) and square. Other factors that affect the photonic bandgap are the refractive 
index of the 2D PhC material, air filling ratio (or the radius of the cylindrical holes/pillars 
to lattice constant, a, ratio). Thus, the optimal design should be selected to have the 
widest photonic bandgap at 543 nm (emission wavelength of the transparent 
nanocomposite scintillators from Chapter 2). Also the fabrication method should come 
into consideration. Since the periodicity of the 2D PhC structures must be similar in 
length scale to the wavelength of the light to be guided, advanced nanoscale fabrication 
techniques such as e-beam lithography and reactive ion etching were investigated. The 
fabrication was first optimized on a commercially available glass substrate and the 2D 
surface PhC structure was characterized. Lastly, the 2D surface PC was fabricated on the 
transparent scintillator.  
3.2 Simulation Approach 
The photonic bandgap of the 2D PhC structures were simulated using MIT 
Photonic Bands (MPB) package. Effects of various parameters such as refractive index, 
diameter of a feature, spacing and the lattice type of the arrays were investigated in order 
to maximize the photonic bandgap at a specific wavelength (λ = 543 nm, the emission 
wavelength of the transparent nanocomposite scintillator). The optimal 2D PhC design 
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was then selected in consideration of the easiness of fabrication, and material 
compatibility, while maximizing the photonic bandgap at 543 nm.   
3.2.1 Array Arrangement 
From the previous simulation work, it was found that the hexagonal lattice is 
better than the square lattice in terms of the photonic bandgap; the hexagonal lattice has a 
full wider bandgap than the square lattice [2]. Also, from the fabrication point of view, 
hexagonal lattice is easier to fabricate than the square lattice. For the same air to filling 
ratio, the spacing between two adjacent holes, a-2r, (where a is lattice constant and r is 
the radius of the hole) is longer for the hexagonal lattice than the square lattice. This is 
important especially during the etching fabrication process. When we transfer the pattern 
into the underlying layer, we use a mask layer. Typically, the mask layer and the 
underlying layer have different etching rates under the same recipe as they are made of 
different materials. For instance, a typical polymer mask layer etches ~ 4-5 times faster 
than the hard mask (metal) layer. So to etch a pattern into 100 nm of hard mask layer, it is 
required to deposit a 400~500 nm thick polymer layer. When the spacing between the 
two adjacent holes (a-2r) is too small ~ 50 nm, this polymer layer can be unstable as its 
aspect ratio is too high (~10). Therefore, for the same air to filling ratio, it would be 
easier to fabricate in the hexagonal lattice than the square lattice as it would have longer 
spacing between the two adjacent holes (thus lower aspect ratio). For these reasons, we 
decide to only investigate the 2D PhC with the hexagonal lattice of cylindrical holes.  
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3.2.2 Air Filling Fraction (Radius to Spacing ratio)  
The effect of the radius to lattice constant, r/a (or air filling fraction), on photonic 
bandgap width was studied for an infinite thick 2D PhC slab with an hexagonal array of 
cylindrical holes for dielectric constants of 2.402, 4 and 6 for PhC material using MPB.  
  
Figure 3.2 a) Simulated frequency of the photonic band level 1 and 2 for infinite 
height 2D PhC slab with dielectric constant of 2.402, hexagonal array of cylindrical 
air holes b) simulated photonic bandgap width between photonic bands 1 and 2 with 
different dielectric constant for infinite height 2DPhC slab with hexagonal array of 
cylindrical air holes 
Fig. 3.2 (a) shows the frequency (which is in units of c/a and thus, the 
corresponding wavelength is a/fc) of photonic bands 1 and 2 for different r/a ratios for a 
PhC structure with a dielectric constant of 2.402. It is clearly shown that the frequency of 
the photonic band 2 increases linearly with r/a ratio whereas the frequency of the first 
photonic band follows an exponential or 2
nd
 order polynomial function. Overall, it is 
apparent that there is an optimum r/a ratio for the maximum photonic bandgap between 
photonic bands 1 and 2. Thus, the photonic bandgap width was computed for different r/a 
values for dielectric constants of 2.402, 4 and 6 as shown in Fig. 3.2 (b). For all three 


































































after a certain ratio which is different for all three cases considered. However, it should 
be noted that the optimal value lies between 0.35 to 0.45 and increases with the dielectric 
constant. Therefore, it was concluded that we should determine the optimal dielectric 
constant value (refractive index) for the PhC material in order to also select the optimal 
r/a ratio.  
3.2.3 Dielectric Constant (Refractive Index) 
The effect of the dielectric constant εr (or refractive index for non-magnetic 
material, n = εr
1/2
) on photonic bandgap width was studied on an infinite height 2D PhC 
slab with an hexagonal lattice of cylindrical holes with the radius of the holes, r, to 
spacing, a, ratio of 0.4.  
 
Figure 3.3 Photonic bandgap area in %, for a hexagonal lattice of cylindrical holes 
with a r/a ratio of 0.4 
The photonic bandgap width between photonic bands 1 and 2 for an infinite thick 
2D PhC slab with a hexagonal lattice of cylindrical holes as a function of dielectric 
constant is plotted as Fig. 3.3.  Fig. 3.3 clearly shows that the photonic bandgap width 
between photonic bands 1 and 2 increases with increasing photonic crystal dielectric 
constant. It may seem that using a high refractive index material for the PhC would be an 
































2D PhC on top of the transparent nanocomposite scintillators to improve the light out-
coupling to PMT, the optical interfaces between the PhC layer and the scintillators as 
well as the PhC layer to air must be considered. To eliminate the internal reflection 
between the scintillator and the PhC layer, the refractive index of the PhC must be greater 
than or equal to the refractive index of the scintillators. Also, as shown from the Eq. (3.1) 
below, the refractive index of the PhC material should not be too high.  




which was derived from Snell’s Law (𝑛1sin𝜃𝑖 = 𝑛2sin𝜃𝑡) assuming 𝜃𝑡 = 90°. 
In Eq. (3.1), the critical angle, 𝜃𝑐 , decreases as 𝑛𝑃ℎ𝐶 increases. Any incident light 
on the interface with incident angle greater than the critical angle would be experience 
total internal reflection. Therefore, a high refractive index would require all the guided 
light exiting the PhC layer to be close to vertical (very low angle of incident) or else all of 
the guided light will be reflected internally. Therefore, to fully understand the effect of 
the refractive index of the PhC material (the benefit of maximizing the photonic bandgap 
while considering the total internal reflection and the vertical emission), we should 
consider looking at a different simulation tool with the capability of simulating the 
reflectance/transmission spectrum. For our studies, we have decided to use 𝑛𝑃ℎ𝐶 = 1.55 
for the rest of the simulation approach as the refractive index of the transparent 
nanocomposite scintillator is expected to be between the refractive index of BaF2 (n=1.48) 
and GdF3 (n=1.59). This approach can ensure that there is no new optical interface 
introduced by the PhC layer which can complicate the analysis and it makes the 
comparison between the scintillator with and without the PhC layer relatively easy.  
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3.2.4 Optimized Design 
The 2D PhC structure in terms of the lattice (hexagonal or square), dielectric 
constant (refractive index) and the ratio between radius of the holes to unit spacing (r/a) 
were optimized to enhance the light output of the transparent nanocomposite scintillators. 
To properly waveguide the emitted light from the scintillators, the photonic bandgap was 
maximized for 543 nm (emission wavelength of the scintillators under radiation) with the 
material having the same refractive index as the scintillator to eliminate the optical 
interface (𝑛𝑃ℎ𝐶 = 1.55). This structure would have a hexagonal lattice of cylindrical air 
holes with radius to unit spacing ratio of 0.365.  
 
Figure 3.4 Photonic band structure of a 2D PhC infinitely thick slab with a 
hexagonal array of holes with a relative dielectric constant of 2.4 (n = 1.55) and r/a 
ratio 0.365 
Figure 3.4 shows the simulated photonic bandgap of the optimized 2D PhC slab 
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units of c/a) 0.509. The value of 0.509 when converted to a wavelength of 543 nm 
requires the unit spacing to be 276 nm (𝑎 = 𝑓𝑐 ∗ 𝜆). This means for an 0.365 r/a spacing, 
the radius of the cylindrical air hole should be 101 nm to properly guide the emitted light 
from the scintillators. With a r/a spacing value of 0.365 and the unit spacing of 276 nm, 
the frequency of photonic bands 1 and 2 can be converted to wavelength; 557 nm and 529 
nm, respectively. If the structure is fabricated as designed, this means the 2D PhC 
structure will have a photonic bandgap as wide as 28 nm, from 529 nm to 557 nm which 
will cause any light with wavelength between that range to escape the structure in the z-
direction. 
3.3 Fabrication Approach 
To achieve the simulated design, the 2D PhC structure was first fabricated on a 
commercially available glass substrate. This was necessary in order to develop and 
optimize the fabrication process. For the fabrication, a top down approach utilizing 
electron-beam lithography (EBL) and inductively coupled plasma reactive ion etching 
(ICP-RIE) was used over a bottom up self-assembly approach in order to minimize the 




Figure 3.5 Schematic flow diagram of the 2D PhC slab fabrication process 
Figure 3.5 shows the schematic flow diagram of the fabrication processes used to 
deposit a base material and create a pattern to develop a 2D PhC slab which was designed 
through simulations. For PhC base material, SiOxNy was selected as its refractive index 
depends on the atomic composition and values of n = 2.04-1.47 (at λ = 500 nm) can be 
achieved [65, 66]. For this study, a 500 nm thick SiOxNy layer was deposited using IAD 
as it is possible to easily and accurately vary the gas (oxygen and nitrogen) flow rate to 
change the atomic composition. It can deposit very smooth surfaces. A 150 nm thick Cr 
layer was deposited using e-beam evaporation to be used as a hard mask layer. Cr was 
used because it is compatible (no surface adhesion issue between interfaces) to SiOxNy 
and the particular EBL resist we used (ZEP) and also because it has a high etch 
selectivity to SiOxNy layer. ZEP was spin-coated at 2500 RPM for 60 seconds and baked 
for 2 minutes at 180 °C to form a 400 nm thick resist layer. 2 mm by 2mm patterns of 
hexagonal array of cylindrical holes were patterned using EBL. Various dosages were 
tried to create a pattern to meet the design specification (276 nm spacing with 101 nm 
radius). The pattern was developed on ZEP resist using amyl acetate for 2 minutes and 
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washed using iso-propanol and was transferred to the Cr layer using ICP RIE with Cl2 as 
the etching gas. The pattern on the Cr hard mask layer was subsequently transferred to 
the SiOxNy PhC layer using ICP RIE with CF4 and C4F8 gasses. After the successful 
pattern transfer to SiOxNy, the remaining Cr and ZEP layers were removed using wet-
etching and acetone, respectively. Throughout each fabrication step, the transferred 
pattern was validated using SEM (scanning electron microscope), and a profilometer. The 
PhC layer was also physically characterized using AFM and optically characterized to 
confirm its light perturbation property.  
3.4 Results and Discussions 
The hexagonal array of cylindrical holes was patterned using a square beam 
pattern instead of a circle pattern as it greatly reduces the e-beam exposure time.  Thus, 
the e-beam exposure dosage had to be optimized in order to obtain circular holes after the 
exposure and pattern transfer steps.  
 
Figure 3.6 Optical Microscope Image of dosage array after (a) e-beam exposure and 




Fig. 3.6 shows optical micrographs of the dosage test arrays that were performed. 
As can been seen more clearly from Fig. 3.6 (a), depending on the e-beam dosage, 





Figure 3.7 SEM micrographs after the pattern was transferred from the ZEP resist 
to the Cr hard mask layer 
Fig. 3.7 shows the SEM micrographs taken after the array of circle patterns was 
exposed and developed in the ZEP resist and then transferred to the Cr hard mask layer 
by ICP RIE. Fig. 3.7 (a) clearly shows that the pattern was successfully transferred 
without any noticeable defects (no circular hole missing in the array) and Fig. 3.7 (b) 
shows that the transferred patterns have accurate unit spacing (a) compare to the design 
specification (270 nm vs 276 nm) and the radius of the hole is comparable to the design 
specification (112 nm vs 101 nm). The transferred pattern has a larger radii of circles 
most likely due to the ICP RIE process. The ICP RIE etching recipe was designed to be 
as vertical (for most anisotropic etching) as possible, but it appears that a little isotropy 






Figure 3.8 SEM micrographs after the pattern was transferred from the Cr hard 
mask layer to SiOxNy PhC layer  
Fig. 3.8 shows the SEM micrographs taken after the PhC pattern was etched into 
the underlying SiNxOy layer by ICP RIE. This clearly shows that the pattern was 
successfully transferred. The angled view shown in Fig. 3.8 (b) reveals that the layer is 
etched all the way through as it shows deep holes in SiOxNy layer (which is 500 nm thick 
vs 150 nm of Cr). Fig. 3.8 (a) further confirms the success of this fabrication process and 





Figure 3.9 (a, b) SEM micrographs after remaining Cr and ZEP layers have been 
removed (c) AFM micrograph of the array with an inset figure showing the depth 
profile 
Fig. 3.9 shows SEM and AFM micrographs of the fabricated 2D PhC patterns on 
the SiOxNy layer after the ZEP resist and the Cr hard mask layers were removed. SEM 
micrographs could not be taken at high resolution mostly due to the non-conductive 
SiOxNy material layer. However, it clearly shows that the array of circles is patterned 
well in the SiOxNy layer without any noticeable defects. Fig. 3.9 (c) shows the AFM 
micrograph and the scan profile across the array. It demonstrates that the depth of the 
circular hole is around 500 nm as expected. The depth profile shows the relatively sharp 
side wall profile obtained on the circular holes. However, the slope is most likely due to 
the shape and the size of the AFM tip relative to the feature size (the tip was too large 
compared to the feature size and could not accurately depict the sidewall profile). The 






adequately to fabricate a designed 2D PhC structure (hexagonal array of cylindrical holes 
with diameter 202 nm and spacing of 275 nm).  
 
Figure 3.10 Reflectance spectra taken varying sample angles. Inset image shows the 
PC sample under white light illumination 
Fig. 3.10 shows the reflectance spectra of the fabricated 2D PhC structure on a 
glass substrate taken at various sample angles. As clearly shown in the figure, the 
increase in measurement angle causes a blue shift in the reflectance spectra and a 
decrease in its intensity as expected since the optical path between holes increases 
causing a shift in photonic bandgap. Also, as the angle decreases, a secondary peak starts 
to appear in the UV-blue range which could be due to the photonic bandgap between the 
second and third photonic bands. The inset image shows the fabricated PhC sample under 
white light illumination. However, this result does not accurately represent if the 
fabricated 2D PhC structure is operating in the way that it was designed to work; whether 
543 nm light is guided through the 2D PhC structure (as 543 nm is the emission 
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wavelength of Tb doped transparent nanocomposite scintillators). Therefore, there needs 
to be an experiment with a 543 nm laser light with varying incident angles to see if there 
is a difference between the sample with and without 2D PhC structure. If it guides 
correctly, then it should guide 543 nm wavelengths with high incident angle through the 
structure (whereas for the one without 2D PhC, it would either not propagate due to total 
internal reflection or pass through the structure at a shallow angle that the light is not near 
the PMT/or certain distance apart aperture)   
Subsequently, using the developed and optimized fabrication processes, 2D PhC 
structure were successfully fabricated on a transparent nanocomposite scintillator. 
However, the limitation was realized during the fabrication. One of the equipment tools, 
the JBX-9300FS EBL tool has the dimension limit (specifically height limit of ~5 mm) 
on the sample size. This was not identified in the earlier fabrication process development 
stage as the commercially available glass wafers were only 0.5 mm thick. However, the 
typical transparent nanocomposite scintillators were at least 10 mm thick. This is required 
to ensure that the scintillators have enough cross-sectional area for sufficient x-ray or 
gamma-ray stopping power. As a result, the light output measured for samples thinner 
than 5 mm were unreliable and the enhancement made by 2D PhC structure was minimal. 
Thus, it was required to investigate an alternative fabrication approach such as 
nanoimprint lithography which can accommodate a thicker substrate.  
The 2D PhC structure was first investigated to enhance the light output of 
transparent nanocomposite scintillators. However, during this process, it was quickly 
realized that the 2D PhC structure could also be used in an alternative application such as 
high speed strain/stress (dynamic loading) sensors. As observed, the 2D PhC structure 
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has the ability to perturb the propagation and refraction of select wavelengths of light 
which depends strongly on the lattice spacing and the feature size. Under applied 
stress/strain, these dimensions would change and the wavelength of light affected by the 
2D PhC would also change. By monitoring the change in the color (wavelength) of the 
light as well as the position of the light, we could correlate this to the structural change 
and the applied pressure. Thus, it was realized that when developed accurately, that 2D 
PhCs can be used as dynamic loading sensors. 
3.5 2D Photonic Crystal for dynamic loading sensors 
Various patterns of 2D PhC structures were fabricated using the identical 
fabrication processes developed from the earlier studies on commercially available glass 
substrates: the square lattice of pillars, and holes. We fabricated these structures with 
varying lattice constants from 1.0x to 1.4x. This was done in order to simulate the effect 
of pressure loading (compression) on the 2D PhC structures.   
 
Figure 3.11 SEM micrographs of 2D PhC structures: (a) a square array of square 








Figure 3.12 Diffracted light angle measurement using coherent laser sources and the 
rainbow spectra collection setup using an incoherent white light source for 2D PhC 
structures 
The successfully fabricated structures are shown in Figure 3.11. It should be 
noted that the SEM micrograph is not well resolved for the case of pillars (Figure 3.11 (b)) 
due to the sample being non-conductive (as the layer surrounding the pillars is glass). To 
assess the refractive and diffracted properties of the 2D PhC structures, they were 
illuminated by several laser sources and white light. The characterization setup is shown 
in Figure 3.12. The angles of diffraction for reflected and transmitted light by the 2D PhC 
structures were measured using both coherent laser light sources (green (532 nm) and 





Figure 3.13 Diffraction angle of green (532 nm) and blue (460 nm) coherent 
radiation source by 2D square lattice PhC structures 
  
 
Figure 3.14 Diffraction of incoherent white light source by 2D square lattice PhC 
structure displaying rainbow spectra for PhCs with different lattice constants and 
geometries 
Figure 3.13 shows the dependence of the diffraction angle of coherent radiation 
by the 2D PhC structures with varying lattice parameters from 1.0x to 1.4x. For both hole 
and pillar structures, the increase in lattice parameters increased the angle of reflected 
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light for both green and blue light. For the green laser source, the change in the refraction 
angle induced by the change in the lattice parameter (δλ/δa) is greater for the first 10% 
than the rest (δλ/δa = ~1.8 for the first 10% lattice parameter change, whereas for the next 
10~20% lattice parameter change, it is ~0.418 for the pillars and ~0.71 for the holes). 
Under the blue laser source, δλ/δa is consistent throughout the whole lattice parameter 
changes but is generally lower than the green light (~0.33 for pillars and ~0.5 for holes). 
This result shows that monitoring the refraction angle change of the green laser source 
would be more appropriate. Another set of experiments were conducted with a xenon 
white light source, and similar results are shown in Figure 3.14. The diffraction of white 
light by the 2D PhC causes it to split into a rainbow spectrum as different wavelength 
diffracts at different angles. The position and the order of each color in the rainbow 
changes as the lattice constant changes. From these two results, it can be deduced that the 
angle or position of diffracted light of certain wavelength through the 2D PhC is 
dependent on the lattice constant which is expected to change under the dynamic loading. 
However, this would require us to develop a collection setup with an angular 
measurement capability. Furthermore, the direction of applied pressure would be 
perpendicular to the 2D PhC structure which means the change in the lattice constant is 
based on the poisson’s ratio. From this study, it showed that the angle of the refracted 
light does not change much under 1% strain (~1.8% for first 10% strain under the green 
laser soucre). This would lead to very a very low resolution technique as the poisson’s 
ratio is ~0.2 for SiOxNy [67] which means in order to cause the 1% strain in the lattice 
constant, it would require 5% strain in the z-direction even in static condition. This 
structure would therefore have a 0.36 degree change in angle of the refracted light, under 
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1% compression which can be very low angle change to detect. Furthermore, under a 
dynamic loading (pressure being applied in a very short amount of time), the change in 
dimension of the plane perpendicular to the loading direction is expected to be minimal 
and instead the density of the material increases. So the poisson’s ratio is expected to be 
even lowr. Therefore, due to the aforementioned reasons, despite the promision results, 
we were uncertain whether using 2D PhC structures would be successful to detect 
pressure (stress)/strain under dynamic loading. Instead, simpler structures were sought 
and led to a new approach based on 1D PhC which would give a spectral shift under 
dynamic loading.  
3.6 Conclusions 
 In this chapter, the design and fabrication methods of 2D photonic crystal 
structure for enhancing the light output of transparent nanocomposite scintillators were 
optimized. The effect of various lattices, geometries, lattice constant to radius ratios, and 
refractive indices on the magnitude of the photonic bandgap of the 2D PhC structures 
were investigated and the optimized design with the maximized photonic bandgap at 543 
nm (the emission wavelength of the transparent nancomposite scintillators) was obtained. 
The fabrication processes for the optimized 2D PhC structure design were developed and 
fine-tuned on a commericially available glass wafer with a top down approach utilizing 
electron-beam lithography and inductively coupled plasma reactive ion etching. 
Subsequently, the optimized fabrication processes were used to successfully fabricate the 
2D PhC structure on the transparent nanocomposite scintillator. However, it was later 
realized that the developed fabrication processes were limited by the current e-beam 
lithography tool to specimen thickness of ~5 mm. However, the typical transparent 
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nanocomposite scintillators were required to be at least 10 mm thick to ensure enough 
cross-sectional area for sufficient x-ray or gamma-ray stopping power. Therefore, it was 
concluded that an alternative fabrication approach such as nanoimprint lithography which 
can accommodate a thicker substrate must be explored. During this process, it was also 
realized that the 2D PhC structure could also be used in an alternative application such as 
high speed strain/stress (dynamic loading) sensors. Therefore, several 2D PhC structures 
with different lattice arrangements and geometries were fabricated with varying lattice 
constants to simulate the effect of the compression. They were illuminated by several 
laser sources and white light to assess the refractive and diffracted properties. The 
increase in the angle of reflected light were observed as the lattice parameter increased 
which indicates a promising potential of the 2D PhC structures as dynamic loading 
sensors. However, this would require a complicated collection setup with an angular 
measurement capability as well as the added complication of estimating the lattice 
constant change based on the PhC materials poisson’s ratio. Therefore, despite the 
promising results, it was concluded that investigations on simpler structures which have 
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4.1 Introduction 
Mesoscale heterogeneities in materials or structures often play an important role 
in the macroscopic behavior of a system under shock loading. Complex loading states 
driven by mesoscale particle interactions coupled with the limitation of the current 
diagnostic methods make understanding and predicting the behavior of such a system 
extremely difficult. Current diagnostic tools have a temporal resolution sufficient to 
capture the dynamic behavior of a material with nanosecond resolution but with limited 
spatial resolution. For example, while piezoelectric/piezoresistive stress gauges have fast 
response, they have a spatial resolution of only several millimeters providing an averaged 
response of the system [31]. Laser velocimetry systems such as the velocity 
interferometer system for any reflector (VISAR), provide a point spatial resolution 
defined by the diameter of the laser beam (~0.5 mm), which is not a complete 
representation of a system [32]. There are other techniques available such as line-VISAR 
and the optically recording velocity interferometer system (ORVIS) that can provide sub-
mm spatial resolution but only along a one-dimensional line profile [33]. 
Recently, optical device structures, as opposed to systems, have been 
investigated to provide enhanced capabilities for dynamic load sensing. For instance, 
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fiber Bragg Grating sensors were investigated by Ravid et. al, and Sandberg et. al. [68, 
69]. They demonstrated their capability for dynamic pressure sensing with the added 
advantages of low cost, and potential for temperature sensing and spatial resolution. 
However, disadvantages include low temporal resolution attributed to the device 
thickness of ~125 µm and limited survivability (fiber fracture which results in lost signal 
or poor signal quality that complicates analysis).  
In a new approach to develop optical dynamical load sensors, we recently 
proposed modifications to two mature optical devices: the asymmetrical optical micro-
cavity (AOMC) and the Distributed Bragg Reflector/Multilayer (DBR/ML) structure [70]. 
Both devices are typically characterized by an intense, characteristic peak (narrow 
transmission peak for AOMC, and reflection peak for DBR/ML), formed by additive 
interference at a specific wavelength whose position depends on the dimensions and 
refractive indices of the layers comprising the structure. The impact of a compressive 
shockwave is to shift spectral features to shorter wavelengths where the magnitude of the 
shift is dependent on the change in optical path length (i.e. a decrease in layer thicknesses 
and which in some cases can be partially offset by an increase in refractive index), at high 
pressure. In our previous publication, we demonstrated the potential of AOMC structures 
as a dynamic loading sensor [71]. This was accomplished by monitoring the shift of a 
transmission peak under dynamic loading. However, in practice, the device 
characteristics are monitored in reflectance by measuring the shift in the reflectance 
minimum (dip) which is the inverse of the transmission peak by using a flash lamp to 
illuminate the surface of the sample and collection optics to focus the reflected light into 
a spectrograph coupled to a streak camera. The limitation of the AOMC was realized 
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from this study; for complex loading scenarios such as applying different pressures across 
a 2D surface, monitoring the shift and splitting of reflectance dip into many dips, can be 
extremely complex and difficult compared to that of a shift in a transmission peak. On the 
other hand, a DBR/ML structure can be an effective alternative as it features a reflectance 
peak instead of a dip for these complex loading circumstances. However, there can be 
some disadvantages compared to AOMC. In our previous publication, we showed that the 
accuracy and sensitivity of the device to shock pressure and changes in shock pressure 
was, respectively, directly proportional to the position of the characteristic spectral 
feature and its full-width at half-maxima (FWHM). For optical sensing, the intrinsic 
speed of response is determined by the length of the active sensor region and refractive 
index. This is estimated to be higher for the DBR structure due to its longer length; in the 
order of 600 ps as opposed to 200 ps for the AOMC. Furthermore, because of its 
multilayer structure, the DBR is expected to show a more complicated behavior than the 
simple spectral shift observed for the AOMC. Initially, the compression of the first few 
bilayers (BLs) will signal the emergence of a new peak at shorter wavelengths whose 
intensity progressively increases as the shock wave propagates through the structure, 
while in registration, the intensity of the fundamental (original) peak decreases eventually 
to zero. Thus, after the shock front has passed through the device, only the shifted peak 
will remain and later will move back to its original position as the device structure 
relaxes. This is another potential advantage of the DBR/ML structure sensor over the 
AOMC where it can provide a spatial resolution in the direction of the shock pressure. 
We note, however, that if the relaxation time is of the same order, or faster than the 
transient time, a more complex response can be expected. A further and very important 
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advantage of the DBR/ML device is its potential for measuring the 2D surface (areal) 
pressure profile across the device. Thus, in this chapter of the thesis, the potential of DBR 
multilayer structures for dynamic loading sensing was investigated to assess the concept 
and potential of these devices and as a compliment to the experimental work previously 
reported on the AOMC sensor. We report, more fully, in this paper the concept of the 
DBR/ML device; the criteria used for material selection, simulations of device 
performance to optimize the design, fabrication methods and finally the results obtained 
from preliminary studies.  
4.2 Design criteria and material selection 
For dynamic loading sensing, it is extremely important to obtain a highly reliable 
structure that accurately produces a fast observable response to the impulse of the applied 
shock pressure wave. Therefore, achieving optimal device characteristics requires careful 
consideration of the class of materials, their optical and mechanical properties and the 
ability to grow the structure in a reliable/reproducible way.  
Typically, DBRs are designed to behave as dielectric mirrors and comprise many 
alternating material layers with a high refractive index difference to obtain a wide, strong 
reflective band (wide FWHM). Consequently, their total thickness is in the millimeter 
range. However, in contrast, to achieve high spectral discrimination/resolution (positional 
sensitivity), a DBR multilayer structure must have a narrow FWHM with a high 
reflectance peak for high signal-to-noise ratio. This makes it preferable to use a material 
system, in which the refractive index can be compositionally tunable as there is a strong 
dependence of the peak reflectance and FWHM on the refractive indices and the 
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difference in refractive indices of the bilayers as discussed later. Also, the total thickness 
of the structure must be a few micrometers to have a relatively fast temporal resolution (~ 
a few nanoseconds). Lastly, the DBR multilayer should be composed of layers with 
similar density and bulk modulus to minimize shock impedance mismatch (acoustic 
impedance, Z = c ∗ 𝜌, where 𝜌 is the density, 𝑐 is the speed of sound ≅ √
𝐾𝑠
𝜌
, and 𝐾𝑠 is the 
elastic modulus). An impedance mismatch increases the equilibration time and causes 
high stresses to form at interfaces, making it difficult to estimate the pressure transferred 
to subsequent layers thereby increasing the complexity of the response and analysis. Thus, 
well designed DBR multilayer can in principle offer an advantage over the previously 
investigated AOMC structure which consists of two metal mirror layers and a dielectric 
cavity layer, which inherently creates a large impedance mismatch as density and 
modulus greatly differs between metals and oxides (Ag has ~2.2 times higher impedance 
than a-SiO2: density of Ag = 10.49 g/cm
3
, elastic modulus of Ag = 74 GPa, and density of 
a-SiO2 = 2.20 g/cm
3










Figure 4.1 Schematic of a SiOA/SiOB DBR structure designed for dynamic loading 
experiments showing the geometrical arrangements for shock wave generation and 
optical characterization in reflection 
A search of materials exhibiting these attributes with low absorption (high 
transparency) and suitable mechanical properties led to the identification of polymer and 
metal oxide systems. Of these, different alloys of the SiOx (1.0 < x < 2.0) system were 
chosen as the material for each layer as their refractive index is small and can be easily 
tuned between 1.41 and 1.97 at 500 nm by varying the atomic composition of oxygen, x 
[77]. A schematic of the typical DBR structure using SiOx material system is shown in 
Figure 4.1. Each layer consisting a bilayer is stoichiometrically altered in oxygen content, 
so the refractive index is different (SiOA & SiOB with A≠B and 𝑛𝐴 ≠ 𝑛𝐵). Mechanical 
properties of these alloys are very similar for slightly different compositions and 
subsequently this will minimize the shock impedance mismatch (We expect these values 
to be between that of SiO and SiO2: 2.13-2.20 g/cm
3
 and 92-72 GPa for x = 1 to 2, 
maximum of 11% or less impedance difference) [72-76]. Examination of the properties 
of the SiOx system in detail showed that for compositions with x less than 1.27, the 



















became difficult. Thus, the SiOA and SiOB (A ≠ B) compositions forming the multilayer 
were restricted to 1.27 ≤ A < B ≤ 1.91. Within this range the refractive index of SiOx lies 
between 1.46 and 1.89 and so allows significant flexibility in device design [77]. 
With the possible material (and the range of refractive index set) chosen, 
simulations of the reflectance spectra were performed to find the optimized design using 
the classical Fresnel equation approach, as available in “OpenFilters” or for the periodic 
structure by the photonic crystal approach. The Fresnel approach was chosen as it is well 
proven for both periodic and non-periodic structures and gives greater physical insight 
[78]. The effect of various parameters such as material properties, thickness, refractive 
index of each layer, and the number of bilayers were investigated.  
For dynamic loading analysis, the fabricated DBR structures were epoxied to a 
laser shock compression package (BK-7/Carbon/Al/Al2O3) in which the shockwave is 
generated by the carbon/aluminum layers absorbing the energy of an incident 3 J 1064 
nm Nd:YAG laser pulse as shown in Figure 4.1. This process produces a rapidly 
expanding plasma cloud at the carbon/aluminum interfaces that launches a shockwave 
into the structure. The DBR structure is placed to allow the shock front to directly impact 
and propagate through the multilayer. Simultaneously, broadband light from a Xenon 
flash lamp was reflected off the front side through the substrate. The reflected signal was 
directed into a grating spectrograph and fast streak camera capable of recording a 
spectrum every 0.25 ns. As the shock pressure propagates through the DBR structure, the 
thickness and the refractive index of each layer comprising the DBR structure is changed 




4.3.1 Effect of the order of the reflectance peak and number of bilayers 
 
Figure 4.2 (a) Reflectance spectra of DBRs simulated for different optical modes 
tuned to position the reflectance peak at 500 nm for 5 and 10 bilayers, respectively; 
(b) Dependence of FWHM (blue) and device thickness (red) required to achieve a 
reflectance peak at 500 nm for different numbers of bilayers and mode number. For 
each mode, the thickness of each layer in the bilayer was obtained using Eq. (4.1) 
assuming the same optical path length for each layer. The total thickness of the 
device for each mode, m, for a different number of BLs was calculated using Eq. 
(4.3). 
Figure 4.2 shows simulations of the effects of the number of bilayers (BLs), 
mode number (m), and the total device thickness on the peak reflectance and FWHM. 
The key spectral characteristics can also be analyzed using the following expressions: 
 𝑚𝜆𝑚 = 2(𝑛𝐴𝑑𝐴 + 𝑛𝐵𝑑𝐵), m is an odd integer  (4.1) 
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Where m is the mode number, λm is the wavelength of the reflectance peak, and 𝑛𝐴, 𝑛𝐵 
and 𝑑𝐴, 𝑑𝐵 refer to the refractive index and thickness of layers A and B in the bilayer, 
respectively. R and N refer to the peak reflectance and number of BLs, respectively [79].  
L is the total length of the device. In Eq. (4.1), the condition  𝑛𝐴𝑑𝐴 = 𝑛𝐵𝑑𝐵 is set to 
achieve the same optical path length for each layer in the bilayer. The reflectance peak is 
narrower and higher in intensity with an extra layer of A deposited as was observed by 
others before [80, 81]. 
From Eq. (4.1), the wavelength of a peak depends on the thickness and refractive 
index of each layer in the bilayer. As mentioned previously, the refractive index of layer 
A and B were restricted between 1.46 to 1.89 based on the high transmission property 
(low absorption) of visible light and the ease of the fabrication process. To first 
investigate the effects of number of BLs and the mode number, the refractive index of 
layer A and B were chosen as 1.7 and 1.6. For our spectrograph/streak camera, the 
spectral sensitivity is maximized in the range 400 to 600 nm and the DBR structures were 
designed to operate with a peak reflectance at 500 nm. Thus, to position a reflectance 
peak at 500 nm for different mode numbers, the required thickness of each layer in the 
bilayer (𝑑𝐴 and 𝑑𝐵) should change (the thickness increases with mode number). As seen 
from Figure 4.2(a), the FWHM of a peak decreases with increasing mode number. The 
effect of the number of BLs is demonstrated from Figure 4.2(a) and Eq. (4.2); the peak 
reflectance, R, increases and the FWHM decreases with increasing number of BLs. 
Therefore, although it appears desirable to maximize the number of BLs and the mode 
number as it minimizes the FWHM (which improves the sensor sensitivity) and 
maximizes the peak reflectance (which improves the signal to noise ratio). However, this 
67 
 
drastically increases the total device thickness as shown in Figure 4.2(b), causing the 
transient time of the shockwave through the device to increase, which subsequently 
exacerbates the temporal resolution of the sensor. Therefore, one needs to select the 
appropriate device thickness for high optimal sensitivity while maintaining a sufficiently 
low temporal resolution. The deposition tool used to deposit SiOx (discussed later), Ion 
Assisted Deposition (IAD) has a limitation; the total thickness of the SiOx layers that can 
be deposited in a single run is limited to approximately 5000 nm. This is shown by the 
red dotted line in Figure 4.2(b). This restriction leaves us to utilize the 1st order peak with 
30 BLs, 3rd order peak with 10 BLs, or the 5th order peak with 5 BLs. As seen from 
Figure 4.2 (a), the 5th order peak with 5 BLs would not have sufficient peak reflectance 
(~33%). The 3rd order peak with just 10 BLs has a high enough peak reflectance (~55%) 
as well as a narrower FWHM (14.5 nm) than the FWHM of the 1st order peak (27.5 nm) 
of the 30 BLs structure while having a comparable device thickness (4770 nm vs. 4552 
nm). While 30 BLs would have a higher peak reflectance (~90%), there would be added 
fabrication complexity and interfaces present in the structure. Therefore, it was 
determined that the DBR with 10 BLs utilizing the 3rd order mode peak at 500 nm would 
be most suitable.  
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4.3.1 Effect of the refractive indices difference 
 
Figure 4.3 (a) Reflectance spectra simulated for a 10 bilayer DBR tuned to position 
the 3
rd
 order mode reflectance peak at 500 nm for different bilayer refractive 
indices; (b) Dependence of FWHM (blue) and peak reflectance (red) on the 
refractive index difference of the bilayers 
Figure 4.3 shows the effect of the difference in the refractive indices (Δn) 
between the layers comprising the bilayers on the reflectance spectra for the 10 BL 
structure utilizing the 3rd order reflectance peak positioned at 500 nm. The effect of the 
refractive index difference between the layers on the FWHM of the first order mode is 
given by the expression: 






), for m=1 (4.4) 
It should be noted that the FWHM for different mode numbers follow a similar trend [82]. 
As observed in Figure 4.3(a), a decrease in Δn improves the sensitivity of the 
device by decreasing the FWHM. However, it also decreases the peak reflectance, which 
subsequently lowers the signal to noise ratio thus making the tracking of the peak shift 
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500 nm, the FWHM is minimized (Δ𝜆 =~14 nm) when Δn = 0.05 but the peak reflectance 
value is too low (~35%) compared to Δn = 0.10 (~15 nm, ~50%) as shown in Figure 
4.3(b). Even though Δn = 0.15 has a higher peak reflectance with moderately low FWHM 
(~68%, 22 nm), Δn = 0.10 was chosen to minimize the impedance mismatch (as higher 
Δn increases Δx in SiOx which increases the density and modulus difference thus creating 
a larger impedance mismatch). Also, fabrication variations (in terms of thickness and the 
refractive indices of the deposited layers compared to simulation values) would affect the 
FWHM (which widens the peak) more than the peak reflectance value. Therefore, from 
these simulation studies on the effects of various parameters, it was determined that the 
SiOA/SiOB DBR structure with 10 BLs, 3rd order peak at 500 nm (𝑑𝐴 = 220 nm and 𝑑𝐵 = 
234 nm), and Δn = 0.10 (𝑛𝐴 = 1.7 and 𝑛𝐵 = 1.6) has the optimized attributes for use as a 
dynamic loading sensor.  
This design would have an optical response to shock compression of 
approximately < 3 ns (which is basically limited by the acoustic response of the device); 
assuming that the transient time of a single shock wave passage is ~0.9 ns (5 um / 5500 
m/s) with 3 ring up time for the equilibrium response time. Using a strain to rupture 
failure value of 0.15 (an over-estimation as it is a static uniaxial compression of a-SiO2 
micropillar array at around 7 GPa and does not consider effects of densification), it is 
over-estimated that the peak wavelength would show a maximum blueshift of 75 nm for 
this design [83]. The sensitivity of the device can be estimated using the Rayleigh criteria 
which is used to differentiate two peaks and in terms of the minimum strain (FWHM) 
that can be measured from the maximum wavelength shift is ~20% (15 nm/75 nm). The 
required accuracy in measuring the position of a peak would be around 3% (FWHM/peak 
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position). However, these would be overestimates and the accuracy and the sensitivity of 
the device are most likely better as we are monitoring a peak shift and not differentiating 
between two peaks. 
4.4 Device Fabrication and Dynamic Loading Experiments 
Following the design phase, DBR structures were fabricated on commercially 
available 2” diameter fused silica substrates. Immediately prior to growth, the substrates 
were thoroughly cleaned using solvents and acid (methanol & hydrochloric acid). The 
alternating layers of SiOA and SiOB (A ≠ B) forming the bilayers were deposited 
sequentially using Ion-Assisted Deposition (IAD). IAD is capable of controlling various 
parameters such as precise plasma conditions for added atomic mobility and oxygen flow 
for atomic composition of the deposited layer. By using IAD we could precisely control 
and tune the refractive index of each deposited layer. The effect of the oxygen flow on 
the refractive index of the deposited SiOx layer was determined. The stoichiometric 
oxygen content in SiOx was varied by using a different O2 flow rate from 0 to 30 sccm at 
room temperatures for growth rates of 0.2 nm/s. The range of x for the deposited SiOx 
layer was approximated to be in between 1.30 to 1.91 using EDX and the refractive index 
of the deposited layer was between 1.51 and 1.75. The deposited layer exhibited high 
transmission (low absorption) to visible light [77]. It should be noted that the total 
thickness of the SiOx layers deposited in a single run was limited to a maximum thickness 
of approximately 5 μm. To obtain a thicker DBR structure, the IAD chamber was vented 
to replenish the raw material. The thicknesses of the deposited layers were characterized 
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using a profilometer. The reflectance spectra and refractive indices were measured using 
a Filmetrics thin film interferometer system. 
 
  
Figure 4.4 Reflectance spectra of the fabricated DBR structure, the original design, 
and 2% thickness variations from the fabrication errors incorporated in the 
simulation with (a) 5 BLs and (b) 11BLs. 
The thickness and the refractive index of the deposited layers were calibrated and 
the optimal IAD deposition conditions were obtained by growing SiOx using different 
IAD conditions on multiple test coupons. The DBR structure was fabricated using 10 and 
20 sccm oxygen flow rates to deposit layer A and B, respectively in the effort to match 
the optimized design determined from the simulations. The thickness of the deposited 
layer A and B were closely matched to the target thickness (𝑑𝐴 = 220 nm and 𝑑𝐵 = 234 
nm but the subsequent layers were more susceptible to variations from the target 
thickness (as expected because the quartz crystal microbalance which measures the 
deposition rate is less precise as it ages). The oxygen composition of the deposited layers 
A and B was estimated to be 1.51 and 1.8 respectively and the corresponding refractive 
index was approximated to be 1.65 and 1.55. Figure 4.4(a) shows the reflectance 
spectrum of the fabricated DBR structure with 5 BLs. As it can be observed from the 
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instead of the originally designed 500 nm. This is because the IAD deposition calibration 
was not optimized at this stage and thicknesses of the deposited layers in the superlattice 
were not as thick as their respective target thicknesses. The reflectance spectrum of the 
DBR structure simulated with the correct thickness shows that the FWHM is within the 2% 
fabrication error range (thickness variation). The thickness and the refractive index of a 
deposited layer were calibrated better and the optimal IAD deposition conditions were 
obtained to successfully deposit 11 BLs DBR structure shown in Figure 4.4(b). It should 
be noted that 11 BLs were successfully deposited in a single IAD run and the simulated 
spectra were adjusted accordingly to fit the experimental data. The obtained reflectance 
spectra show that the FWHM of the peak is wider than simulated, even after 
incorporation of a ±2% thickness variation. However, the relative peak reflectance value 
remained high (~61.7%) and comparable to the original simulation (58.9%). This 
confirms that the design decision of utilizing Δn = 0.10 was correct as the Δn = 0.15 
design would have resulted in a higher FWHM, lowering the sensitivity of the device as a 
sensor.  
  
Figure 4.5 Reflectance spectra of the fabricated DBR structures with (a) a single 
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2nd set 10 BLs (5+5)
5th set 17BLs (11+6)
FWHM = 22.1 nm
Peak ref = 69.6 %
FWHM = 28.4 nm
Peak ref = 58.1 %
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Table 4.1 List of fabricated structures and their optical properties 
Sample # Number of bilayers FWHM (nm) Peak Reflectance Peak Position (nm) 
1 5 27.34 32.72% 436.6 
2 10 (5+5) 28.37 58.11% 491.07 
3 7 23.44 52.35% 488.6 
4 11 24.62 61.69% 502.16 
5 17 (11+6) 22.1 69.59% 525.52 
6 11 30.095 51.27% 516.93 
7 21 (11+10) 30.095 53.16% 516.93 
 
Figure 4.5 shows the reflectance spectra of the other fabricated DBR multilayer 
structures and the Table 4.1 shows the optical properties of the fabricated structures. For 
the single step IAD run samples (Figure 4.5(a)), as the number of the deposited BLs 
increases, peak reflectance increases. However, the FWHM does not become linearly as 
expected. This is most likely because the thickness control of the deposited layers gets 
more difficult as the number of the deposited layers increases and this affects the FWHM 
more than the peak reflectance value. This trend also seems to apply for the multiple 
steps IAD run samples (Fig 4.5(b)). It seems very difficult to identify the effects of using 
multiple IAD runs as opposed to a single IAD run. When comparing 2nd set of sample 
with 10 BLs deposited through two IAD runs, versus the 4th set of 11 BLs deposited in 
one run, a single IAD run sample seems to be better in terms of optical properties. This 
seems to be different when comparing the 5th set to the 4th set but it is no consistent 
when comparing it to 7th set of the sample. Therefore, more controlled investigations for 





Figure 4.6 Reflectance spectrum of a fabricated DBR structure taken by the streak 
camera for different times successfully capturing the shift in reflectance peak caused 
by applied shock pressure of ~4.0 GPa 
Figure 4.6 shows the preliminary dynamic loading experiment result conducted 
on 5 BL sample; reflectance spectra of a SiOA/SiOB DBR structure (utilizing 3rd mode 
peak at 500 nm with 𝑑𝐴  ≈ 198 nm, 𝑑𝐵  ≈211 nm, 𝑛𝐴  ≈ 1.65 and 𝑛𝐵 ≈  1.55) under 
approximately 4.0 ± 1 GPa at different time stamps. It should be noted that the 5 BL 
SiOx DBR structure have thinner layer thickness than the design specification which 
accounts for shifted (blue) peak location than the design. This result clearly shows the 
promising feasibility of the specially designed DBR structure as a dynamic loading 
sensor. At t = 0 (a moment before the shock pressure impact), the reflectance spectrum 
shows a peak reflectance at around 439 nm. As t increases, the characteristic peak starts 
to blue-shift until t = 8.4 ns where it almost reaches its full shifted peak position of 425 
nm. Between t= 0 ns to 8.4 ns, we were expecting to see introduction of a secondary peak 
peak while the original peak still having some intensity; as some of the layers subjected 
to the shock pressure would show the shifted peak while the rest uncompressed would 
have the peak at the original location. However, this phenomenon was not observed. This 























t = 0, λo = 439 nm
t = 8.4 ns, λo = 425 nm
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BLs. 5 BLs would be enough number of BLs to show a characteristic reflectance peak but 
when only half of the structure is compressed, it would be 2~3 BLs that would be 
responsible for shifted/original peaks. We believe it may still be possible to observe this 
phenomenon with higher number of BL structure which would demonstrate the full 
capability of this device; the spatial resolution on the direction of the shock pressure. At 
until around t = 17.4 ns, the location of the peak still remains at ~428 nm. After t > 17.4 
ns, the peak starts to red-shift and it reaches around 438 nm at 100 ns. For about 120 ns, 
the peak hovers around at 438 nm and it finally relaxes back to its original peak position 
at around t = ~220 ns. Unlike the SiO2 AOMC structure where the full peak shift was 
observed after 3.3 ns which matches the approximate rise-time for the shock pressure in 
the setup, the peak shift was observed more slowly for the DBR structure. Also, the peak 
shift observed by the DBR structure was less than the AOMC structure under the similar 
shock load of 4 GPa (~14 nm vs. 22 nm). Furthermore, it was at the compressed state for 
a longer time (~9 ns vs almost instantaneous for the AOMC structure) and also it took 
more time for the structure to relax back to its original uncompressed state (100 ns vs. 
24.2 ns) dimension the full shift was recorded long after the shock pressure profile 
reaches its maximum pressure (~3.3 ns) and is much slower device. This is mostly 
attributed to the thicker total device thickness (~2.6 um vs. 600 nm) as well as more 
complicated device structure. Thus, the DBR structure would take a longer time to reach 
the equilibrium state which is what we observed even through relaxation. This 
preliminary result clearly indicates that an optimally designed DBR structure can 
successfully detect the shock impact with a relatively high temporal resolution of 8.4 ns. 
It also suggests that in order to see whether it can provide a spatial resolution in the 
76 
 
direction of applied pressure, thicker device with more BLs must be characterized. 
However, a DBR sensor with more accurate spatial resolution on that direction would 
only be possible with a sacrifice in temporal resolution. 
4.5 Conclusion 
From the in-depth simulation efforts, it was determined that the finding the 
optimized DBR design is critical in order to maximize the shock sensor performance 
within the local constraint. Although utilizing high order of reflectance peak, many 
number of bilayers, and a relatively low refractive indices difference in superlattice layers 
would result in a very high and narrow reflectance peak width, this would tremendously 
increase the total thickness of the device which would subsequently decrease the 
temporal resolution of the device as well as the fabrication difficulty. Working within the 
total thickness restriction currently set by the fabrication tool, it was determined that the 
optimized design would have 10 bilayers of SiOA and SiOB layers with respective 
thickness of 220 nm and 234 nm and refractive index of 1.7 and 1.6 at 500 nm. This DBR 
structure was fabricated and was further improved by depositing 11 bilayers. The 
fabricated DBR structure was placed under a dynamic loading of ~4 GPa and the 
reflectance peak shift of ~14 nm was detected in 8.4 ns. The peak widening (or separation) 
observed during the dynamic loading experiment also suggests that the DBR structure 
can have spatial resolution in the direction of the applied shock pressure. These results 
successfully demonstrated the promising potential of the DBR structure as a shock sensor. 
Also, this DBR structure can further provide us an insight on how the SiOx materials with 
different composition behave under an extreme condition such as shock pressure. 
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5.1 Introduction 
The dynamic loading behavior of composites and particulate materials is highly 
complex as their macroscopic behavior is driven by mesoscale interactions. Despite their 
prevalence and importance, a comprehensive understanding of such materials is deficient 
due to a lack of diagnostic tools with desired spatial and temporal resolution. Thus, 
sensor designs that are capable of providing material state information with high spatial 
and temporal resolutions are critical to advance the understanding of dynamic behavior in 
complex, heterogeneous material systems.  
Currently, there are few diagnostic tools that simultaneously have sufficient 
temporal and spatial resolution to capture the highly transient dynamic events controlling 
mesoscale interactions. For instance, while piezoelectric/piezoresistive stress gauges can 
provide accurate stress-time profiles with nanosecond temporal resolution [31] their 
spatial resolution is on the order of millimeters, thus providing only an averaged response 
of the system. Similarly, laser velocity interferometers, such as the velocity 
interferometer system for any reflector (VISAR) [32],  Fabry-Perot [84, 85] and 
heterodyne systems [86], all provide accurate velocity profiles with nanosecond 
resolution, but only for a single spatial point presenting a certain volume. A more capable 
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system; the optically recording velocity interferometer system (ORVIS), has 
demonstrated sub-nanosecond temporal resolution and sub-mm spatial resolution but 
only along a one dimensional line profile [33]. 
In contrast to the limitations of these existing methods, optical microcavities 
(OMCs), can potentially provide two-dimensional surface data, with comparable 
temporal resolution. OMCs are composed of an optical medium (cavity layer) placed 
between two reflecting mirror layers whose principal optical characteristic, the resonant 
frequency, depends predominantly on the thickness and the refractive index of the cavity 
layer. The resonant frequency, or cavity mode, corresponds to the particular wavelength 
of light that can be transmitted. Furthermore, cavity modes of OMCs are typically very 
sharp with narrow full-width-half-maximum (FWHM) and high transmission. Under 
dynamic compression, the thickness of the cavity layer along with its refractive index 
change due to the applied pressure, cause a spectral shift in the transmission peaks or 
complementary reflectivity minima. By monitoring the shift of a particular cavity mode 
using time-resolved spectroscopy, it is possible to capture two-dimensional data 
corresponding to the area of the OMC structure under dynamic loading. These promising 
characteristics were recently published in an in-depth theoretical study assessing the 
potential of OMC structures for use in dynamic compression sensing by Scripka et al. 
[70]. In this work, modeling of an OMC structure with a TiO2 cavity layer surrounded by 
Distributed Bragg Reflectors (DBR) composed of alternating TiO2/SiO2 layers was 
performed which showed a shift of the characteristic cavity mode under uniaxial shock 
compression with a rapid temporal response. Therefore, further design and experimental 
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studies were initiated, with an emphasis on optimizing the design and fabrication 
processes for dynamic load sensing [87]. 
In this part of the thesis, asymmetrical OMC (AOMC) designs and fabrication 
processes for dynamic loading diagnostics were investigated. The effect of different 
materials and structural designs on sensor performance were simulated and optimized, 
and the feasibility of required fabrication processes validated. AOMCs instead of OMCs 
were chosen to maximize the amount of reflected light from the sample by depositing a 
thicker mirror layer as the final surface of the multilayer and to provide some additional 
mechanical stability under shock compression conditions. The optimized designs of the 
AOMC structures have attributes suited for use as dynamic loading sensors. A fabricated 
AOMC structure was then subjected to laser-driven shock compression, and the time-
resolved position of the characteristic spectral peak was recorded using a streak camera 
coupled spectrograph. 
5.2 Design Methodology 
Figure 5.1 shows the device design developed during the course of this 
investigation. The AOMC structure is epoxied to the shock-compression package which 
has several layers: BK-7/Carbon/Al/Al2O3. The AOMC structure was configured to 
permit optical interrogation from one side (the substrate side) such that the shock front 
from the opposite side directly impacts the active cavity layer. The shock is generated by 
the carbon/aluminum layers in the package absorbing the energy of the incident laser 
pulse, which produces a rapidly expanding plasma cloud, or “explosion” at the interface 
of the carbon/aluminum layers and shock package substrate. This drives a shock wave 
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into the AOMC, as shown in Figure 5.1 (a). Simultaneously, broadband light from a 
Xenon flash lamp is reflected off the AOMC substrate, and is collected and directed into 
a grating spectrograph. The spectrograph separates the component wavelengths, and 
additional optics focus the output from the spectrograph onto the input slit of a fast streak 
camera, which records the temporal evolution of the spectra with a resolution down to 0.5 
ns.  
The reflectance and transmission spectra of various AOMC structures were 
simulated using the OpenFilters software which includes the dispersion properties of the 
optical materials used in this investigation [78]. Device parameters such as layer 
thicknesses, reflectivity, and material refractive index, were used as input parameters to 
simulate the effect of each parameter on the optical properties of the AOMC. In 
fabricating sensor devices, it is extremely important to achieve highly reliable structures 
that reflect the true value of their component materials. Thus, in addition to device design, 
the selection of materials and deposition systems are critical and must take into 
consideration the resulting optical and structural properties. For example, OMCs are 
typically fabricated using Distributed Bragg Reflectors (DBR), but the thickness (~2 µm) 
of these structures can result in their response to strain or shock obscuring the cavity 
effect and lead to a very complex analysis. Thus, thin Ag reflectors were chosen whose 
optical (reflective) properties are less affected by stress and which directly and rapidly 
transfer the stress to the cavity material. Although some of the energy of the shock wave 
is dissipated in the mirrors due to the impedance mismatch between Ag and SiO2, in 
comparison to the thicker (2 µm) multilayer DBR design, the energy loss is very small. 
This is due both to the thinness of the Ag layer and the moderate difference in impedance 
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that results in very little shock energy loss at the interfaces. Therefore, for this application, 
these simplified designs significantly reduce device complexity and consequently 
enhance reliability without any loss in performance. This structure also addresses an 
additional design requirement; namely, that the shock be transferred instantaneously to 
the sensor layer so as to enhance the temporal response of the device. Using the 
appropriate material parameters (elastic modulus, density, etc) for a 125 nm thick Ag 
mirror and a 500 nm thick SiO2 cavity layer the device response to shock compression 
was estimated to be <200 ps. To our knowledge, the number of optical materials for 
which reliable shock parameters are known is very small (SiO2, TiO2, Al2O3 and LiF). 
Thus, for this proof-of-principle study we selected SiO2 and Al2O3 as the best cavity 





Figure 5.1 Schematic of a SiO2 (or Al2O3) AOMC structure under dynamic loading 
experiment and the reflectance spectrum simulated for a Ag/SiO2/Ag AOMC with a 
500 nm thick SiO2 cavity layer (continuous blue line), and after being compressed to 
the fracture limit (dotted red line). The inset depicts the calculated shift in the 
reflectance minimum due to the maximum static compression at the strain to failure 
point.  
Figure 5.1 (a) shows a schematic of the simplified SiO2 (n=1.46 at 535 nm) and 
Al2O3 (n=1.77 at 535 nm) AOMC stress-sensors consisting of just three layers: two Ag 
mirror layers and a cavity layer. The reflectance spectrum was simulated for a 500 nm 
thick SiO2 cavity layer and a 35 nm thick semi-transparent (11% transmittance at 535 nm) 
front Ag mirror layer and ~98% back reflecting 125 nm thick Ag layer. The top Ag layer 
is designed to be thicker for two reasons: (a) to provide a buffer layer for shock pressure, 
(b) enable high reflectivity for better optical signal. Although the thickness, refractive 
index, and reflectivity of each layer all affect the reflectance spectrum, the positions of 
the reflectance minima are mostly affected by a change in the cavity layer thickness. The 
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dotted red curve shows the simulated effect of a dimensional change in the SiO2 cavity 
layer under static compression. It has been previously reported [83] that a-SiO2 
micropillar array exhibits a strain to rupture failure value of 0.15 in uniaxial compression 
at around 7 GPa. By employing this number in simulation, a blueshift of the reflectance 
minimum by ~70 nm is obtained. It should be noted that the blueshift obtained is an over-
estimation as it is under static compression, and also it does not consider other effects 
such as densification which can result in modification of refractive index.  For an Al2O3 
AOMC structure with the same design parameters, a smaller spectral shift is predicted 
due to its superior hardness and inherent lower strain at failure compared to SiO2 [88].  
Thus, a SiO2 based design is expected to be significantly more sensitive to pressure. 
The accuracy to which a particular minimum can be measured directly 
determines the sensitivity of the device to changes in length and/or refractive index.  This 
will depend on how narrow the particular FWHM minimum is and requires a 
standardized procedure for measuring and comparing data.  For the latter we employed a 
Rayleigh-like criterion to distinguish two adjacent peaks, such that when the first 
minimum of a peak lies under the maximum of an adjacent peak then the dip between 
them is 20% less than the maximum intensity of either. For a Gaussian or Lorentzian line 
shape this is approximately equivalent to the FWHM of the peak. Thus, for example for 
SiO2 cavity designs with FWHMs of 9 and 1.5 nm, as discussed later, the percentage 
accuracy in measuring the position of a peak is determined by the ratio FWHM/(peak 
position); ~1.64% and ~0.27% respectively, for a peak position of 550 nm centered at the 
maximum response of the measuring system. To calculate the sensitivity in terms of the 
minimum strain that can be measured for a given material, we can obtain an estimate 
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from the wavelength shift expected at the strain to fracture limit. For SiO2, this is 70 nm 
and gives 13% (9/70 x 100) and 2.1% (1.5/70x100), respectively for the two designs. In 
principal by judicious curve fitting, and since we are not differentiating two peaks but a 
shift of a peak, it is estimated that the accuracy can be improved, potentially by a factor 
of five. Therefore, the designed device must have a sharp transmission peak (which from 
now on is referred to as a reflectance minimum as we collect reflectance spectrum) and 
positioned to match the maximum spectral sensitivity of the spectrograph and streak 
camera: in this case between 400-700 nm. Additionally, for maximum device sensitivity, 
the FWHM must be narrow compared to the free spectral range (FSR) between 
reflectance minima (shown in Figure 5.1) and the bandwidth of the measuring 
instrumentation. Additionally, a strong overall reflectance is required to enhance the 
capture and collection of light during the short duration of dynamic loading. We have 
therefore, rigorously investigated the impact of both material and structural parameters 
and fabrication issues on the optimization of AOMC structures designed for dynamical 
loading applications. 
 
Figure 5.2 (a) Shape of reflectance spectra simulated for different modes of AOMCs 
tuned for reflectance minimum at 535 nm (b) dependence of FWHM and cavity 




Figure 5.2 shows the dependence of the spectral reflectance, as calculated using the 
OpenFilters software, on the structural dimensions of the AOMC. Additionally, the 
AOMC can be analyzed in terms of the theory for Fabry-Perot structures where the 
reflectance minima (cavity modes) can be obtained from the expression:     
 2𝑛𝑙𝑐𝑜𝑠(𝜃) = 𝑚𝜆 (5.1) 
where m (a positive integer) refers to the mode number, n is the refractive index, l is the 
length (thickness) of the cavity layer, and θ is the angle of incident light. 
Figure 5.2(a) shows a collection of reflectance spectra for AOMC structures 
designed to position the reflectance minimum at λ = 535 nm for each mode number. As 
the mode number increases, the cavity layer thickness must also increase in order to keep 
the reflectance minimum positioned at λ = 535 nm. Figure 5.2(b) shows the dependence 
of FWHM (δλ) and the required cavity layer thickness, l, on the cavity mode number, m. 
The FWHM, δλ, at λ = 535 compliance increases from ~100 to 1200 nm. This can be 
explained from the expression:  















Where δλ refers to the FWHM, F refers to the finesse, Δλ refers to the FSR. Eq. (3) is for 
an asymmetrical cavity (where R1 and R2 are the reflectivity’s of the front and back 
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mirrors, respectively) and in (4), λo is the central wavelength of the nearest adjacent 
reflectance minimum (shown at 593 nm for m=10 in Fig. 2), and ng (~n) is the group 
refractive index [89]. 
As l increases, λo decreases because according to Eq. (5.1), there are more 
reflectance minima in a given spectral range which means that adjacent minimum 
become closer to the minimum of interest, λ = 535 nm. Therefore, the increase in l results 
in a decrease in λo and Δλ, which ultimately decreases δλ, as desired. However, even 
though a higher cavity mode is beneficial, it should be noted that the required cavity layer 
thickness increases linearly. Thus, it is essential to find the optimum cavity layer 
thickness for each material while also considering the impact of the fabrication process 
on the deposited film quality. From these considerations and the data shown in Figure 5.2 
for a SiO2 AOMC structure, it was determined that the 3rd order reflection minimum was 
sufficiently narrow (FWHM ~ 9 nm) while also keeping the thickness of the cavity layer 
thin. 
 
Figure 5.3 (a) Dependence of reflectivity of Ag mirror at 535 nm on Ag thickness (b) 
dependence of characteristic minimum (m=3) FWHM and depth on Ag mirror layer 
1 thickness for a fixed SiO2 cavity thickness of 500 nm and Ag mirror layer 2 
thickness of 125 nm; inset image shows zoomed in graph of a region of interest 
87 
 
Figure 5.3 shows the OpenFilters computations performed to establish the mirror 
properties that gave the best reflectance minimum depth and narrowest FWHM [13]. 
Figure 5.3(a) shows that the mirror reflectivity at 535 nm increases exponentially as the 
thickness increases. The reflectivity is close to 1 at 60 nm. From the simulation, it was 
found that AOMC with Ag mirror layers had the best spectral characteristics (in terms of 
the depth of minima and FWHM) compared to other metal such as Al and Au mostly due 
to its excellent reflectivity in visible light range. Furthermore, it was determined from the 
simulation that the thickness of mirror layer 2 has minimal effect on the reflectance 
spectrum and the characteristic features above 60 nm. Therefore, we decided to make it ~ 
125 nm as it also acts as the shock buffer layer. Figure 5.3(b) shows the effect of the 
thickness of Ag mirror layer 1 on the characteristic minimum’s (m=3) FWHM (red 
markers) and depth (blue markers) of AOMC with a fixed SiO2 cavity thickness (500 nm) 
and mirror layer 2 (125 nm). As the thickness of mirror layer 1 increases, the FWHM of 
the characteristic cavity mode decreases drastically. On the other hand, the depth of the 
characteristic minimum increases initially, but then starts to decrease past a certain 
thickness. The inset image in Figure 5.3(b) shows the zoomed graph of the region of 
interest. The relative minimum depth is maximized at 25 nm, but the FWHM is too wide 
(~16.5 nm). Thus, even though there is a drop in the depth of minimum at 35 nm, it is 
still relatively high at 87% and the FWHM is acceptably narrow at 9 nm. Therefore, the 
thickness of the mirror layer 1 was optimized to be at 35 nm. 
Using the same procedures for the Al2O3 AOMC, it was determined that the 
AOMC consists a 990 nm Al2O3 cavity layer and front and back Ag mirror layers 105 nm 
and 53 nm thick, respectively, with a 7th order transmission peak FWHM of 1.5 nm. The 
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Al2O3 AOMC length was chosen to utilize a higher order reflecting feature since the 
deposition process for Al2O3 is more uniform and stable than SiO2. We note that an even 
higher order mode could have been utilized for the Al2O3 AOMC structure but as shown 
in Figure 5.2, the decrease in FWHM after the 7th order was minimal. 
5.3 AOMC Fabrication Procedure 
For this investigation, the AOMC structures were fabricated on commercially 
available 1” square aluminoborosilicate glass substrates or 2” diameter sapphire 
substrates sectioned into quarters. Substrates were thoroughly cleaned using organic 
solvents and acid (methanol & hydrochloric acid). Ag mirror layers were deposited by 
electron-beam evaporation which was chosen over sputtering to provide higher surface 
and interface smoothness. The cavity layers were deposited using ion-assisted deposition 
(IAD); selected for its capability for high spatial uniformity, simultaneous deposition of 
different dielectric layers, and particularly its accurate control over the deposition rate 
and application of plasma excitation for enhancing atomic mobility so as to achieve high 
density film depositions and sharp interfaces at low temperatures (20 °C).  Note that 
achieving a high density cavity layer is very important as the density directly affects the 
refractive index and the dynamic loading behavior of the structure. Therefore, the use of 
IAD which provides precise control over the deposition rate is very important and is a 
less invasive deposition technique compared to techniques such as sputtering. 
The thicknesses of the deposited layers were characterized using test coupons 
and a profilometer and the reflectance spectra and refractive indices were measured using 
a Filmetrics thin film interferometer system. After successful validation of the static 
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spectral behavior, the fabricated AOMC structures were epoxied to a laser shock 
compression package for the dynamic loading experiment.  Details of the dynamic 
loading experiment have been reported [8]. 
5.4 Results and Discussion 
 
Figure 5.4 Reflectance spectra of the simulated design, fabricated structures and the 
fitted simulation based on experimental results of (a) SiO2 and (b) Al2O3 AOMC 
structures 
Table 5.5.1. Comparison between simulated and experimental spectral 
characteristics 
Device 
Ag-SiO2 AOMC (m = 3) Ag-Al2O3 AOMC (m = 7) 
Experiment Simulation Experiment Simulation 
Cavity Mode Wavelength (nm) 551.3 535.9 478.7 524.5 
FWHM (nm) 20 9 17 1.5 
Relative Minimum Depth (%) 45 97 35 91 
Figure 5.4 shows the reflectance spectra of the simulated designs, along with the 
experimental data from the fabricated structures and refitted simulations based on these 
results. The parameters obtained from the original simulations and those measured for the 
fabricated structures are compared in Table 5.1. As shown on Fig. 5.4(a), the spectrum 
measured for the SiO2 AOMC structure is shifted by 15 nm to shorter wavelengths 
compared to the targeted design, while no such shift is observed for the Al2O3 AOMC. 
For both structures, the fabricated devices have wider FWHMs and shallower minima 
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than those predicted from simulations. The shifts in the reflectance spectrum and cavity 
modes for SiO2 OMC structures are attributed to differences in the thickness and/or 
refractive index of the cavity layer as shown from the Eq. (5.1). Thus, the refractive 
indices and thicknesses of the deposited cavity layers were independently measured. The 
re-computed predictions employing these corrections reveal that the simulated peak 
locations are in excellent agreement with experiment. However, a disparity still exists in 
the depth of the reflectance minimum and FWHM between the experiment and 
simulations and this is attributed to the mirror layers. As discussed previously in Figure 
5.3, the depth of the minimum and FWHM in an asymmetrical OMC structure can be 
greatly influenced by the reflectivity of mirror layer 1. A decrease in the reflectivity of 
mirror 1 lowers the finesse, F, according to Eq. (5.3). This also increases the FWHM 
following the Eq. (5.2). The FWHM can also be affected by the small difference in 
refractive index of the cavity layer as it affects FSR according to Eq. (5.4). The fitted 
simulation results for both SiO2 and Al2O3 AOMC structures reflecting the corrections of 
both the refractive index/thickness of the cavity layer and the reflectivity of the mirror 
layers reveal reflectance spectra in excellent agreement with the fabricated structures. 
However, it should be noted that some of the SiO2 AOMC structures were unstable and 
exhibited different reflectance spectra (in green), as shown in Figure 5.4(a). The SiO2 
AOMC structures were found to degrade even more over time and with light/atmosphere 
exposures due to the poor adhesion between SiO2 and Ag [14]. Under dynamic loading, 
the signal-to-noise ratios were very low and spectral responses relied heavily on 
significant data processing/filtering to distinguish and monitor spectral shifts. This was 
due to insufficient depths in the characteristic minima exhibited for both fabricated SiO2 
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and Al2O3 AOMC structures which can hinder their utility as dynamic loading sensors. 
Therefore, different designs with increased sample stability, minima depth, and narrower 
FWHM were developed and further investigated. 
 
Figure 5.5 (a) Schematic of SiO2 AOMC structure fabricated using Al2O3 adhesion 
layers and (b) comparison of simulated and measured reflectance spectra of 
modified and the original SiO2 AOMC structure 
Table 5.5.2. Comparison of parameter values between simulated and measured 
spectra for both the original and modified SiO2 AOMC structures 
Ag-SiO2 AOMC (m=3) 









Cavity Mode Wavelength 
(nm) 
535.5 568 551.3 576 
FWHM (nm) 9 5 20 8.5 
Relative Minimum Depth 
(%) 
97 80 45 48 
 
Figure 5.5(a) shows a schematic of a modified SiO2 AOMC structure designed to 
address the instability in the original SiO2 AOMC structure due to poor adhesion between 
SiO2 and Ag. As shown, a thin layer of Al2O3 was deposited at each SiO2/Ag interface to 
enhance adhesion. Figure 5.5(b) compares the simulated and measured reflectance 
spectra of both the modified and the original SiO2 AOMC structures and Table 5.2 lists 
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comparisons of their key parameters. When comparing the experimental results, the 
modified design shows improvements in both the relative minimum depth and FWHM (9 
versus 5 nm theoretical and 20 versus 8.5 nm measured) of the characteristic minimum. 
This is because the poor adhesion and high interfacial energy between Ag and SiO2 not 
only affects sample stability but also its spectral properties. High interfacial energy leads 
to uneven thickness, high interface roughness, defects, and porosity of the deposited Ag 
layer which decreases its reflectivity as the evaporated Ag atoms minimize their 
interfacial energy by preferentially growing on previously deposited areas, leading to 
non-uniform thickness. Therefore, the incorporation of thin Al2O3 layers improved the 
stability and the reflectivity of the mirror layers and the increase in reflectivity of the 
mirror layers enhanced the spectral properties by narrowing the FWHM and increasing 
reflectance minimum depth for the modified SiO2 AOMC structure. 
 
Figure 5.6 (a) Spectral and temporal response of a modified SiO2 AOMC device to a 
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4 GPa shock front. The spectra were recorded using a streak camera at different 
times to capture the shift in the reflectance minimum (mode 3) caused by the 
applied shock pressure. (b) The reflectance minimum over time and (c) change in 
the reflectance minimum position over time after shock propagation. 
Figure 5.6 shows the spectral response of the modified design under application 
of ~4 GPa shock pressure, which was chosen to be significantly below the estimated 
Hugonist Elastic Limit (HEL) for fused SiO2 [15].  This preliminary result clearly shows 
the high promise and feasibility of properly designed SiO2 AOMC structures as very 
sensitive, fast response, dynamic loading sensors. At t=0 (immediately before shock 
impact), the reflectance minimum is centered at 580 nm. The shock impact was almost 
instantaneously observed as a blueshift in the reflectance minimum of 22 nm within 3.3 
ns of the shock wave impact, which is the approximate rise-time for the pressure pulse in 
the present laser-driven shock experimental setup. After 27.5 ns the reflectance minimum 
has decreased to 574 nm indicating that the structure quickly relaxes. For longer times, 
the magnitude of the blueshift decreases at a slower rate, and after 136 ns, displays a 
small redshift of ~0.8 nm, which is within the experimental error, and can possibly be due 
to a ringing effect. Figure 5.6(c) indeed clearly shows a two-step recovery exhibiting fast 
and slow release regimes with the relaxation times of 18.1 ns and 78.1 ns, respectively. 
This two-step behavior can mostly be attributed to the shape of the pressure pulse that 
laser-driven shock produces: a sharp rise followed by a slow, drawn out release back to 
low pressure. Also, some of the behavior can be due to the layers surrounding the cavity 
layer as they also release down from a higher pressure and will have their own behavior 
applying stress on the cavity layer. Lastly, there could be other contributing factors from 
the non-linear elastic decompression behavior of the SiO2 to chemical bond length and 
bond angle restoration and crystallization [16], but it is very difficult to determine these 
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phenomena and their effects accurately. Regardless, the monitoring cavity mode’s 
wavelength shifts observed and the data recorded after 3.3 ns, which is very close to the 
estimated response time of the structure, demonstrate that AOMC devices can be 
designed and fabricated with very fast response times for use as diagnostics for 
measurements of nanosecond resolution dynamic effects.  
5.5 Conclusion 
In this study asymmetrical metallic OMC structures (AOMC) were shown to 
significantly enhance device utility for dynamic strain measurements with high temporal 
resolution (and the potential for high spatial resolution): limited only by the designed 
linewidth of the resonant mode. The study supports result of previous simulations [7] and 
initial experimental data that the thickness (and refractive index) of the cavity layer plays 
a major factor in determining the spectral position, mode number and FWHM of the 
reflectivity minima. As such, the reflectivity of the mirror layers is also shown to be 
critical to optimizing device design and required fabrication processes that ensured high 
stability, as well as ease of processability. The experimental results show that further 
improvements can be made in this area. It is concluded that for Ag/SiO2/Ag AOMC 
structures, thin Al2O3 adhesion layers are best suited for this application and lead to the 
successful detection of a dynamic compression with a blueshift of 22 nm after 3.3 ns. At 
present, cavity materials with low refractive index and high modulus are shown to be 
most suitable, however, the lack of values of shock parameters of materials subjected to 
shock loading, and recent observations that device geometry is very important in 
determining these limits, illustrates the further potential to not only extend the sensitivity 
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6. Conclusions and Future Work 
6.1 Conclusions 
In this thesis, we have investigated how the fundamental relationships between 
the glass matrices, choice of materials, and thermal processing conditions affect the light 
output of the transparent nanocomposite scintillators. We investigated on further 
improving the light output of the scintillators by employing 2D surface photonic crystal 
structures. We also investigated the multilayer optical structures (distributed Bragg 
reflector and optical microcavity) and the interplay between the optical and acoustic 
properties to develop dynamic loading sensors capable of providing stress/pressure 
profile with nanosecond temporal and 2D spatial resolutions.  
We have successfully synthesized the transparent nanocomposites scintillators by 
a melt-quench method followed by annealing to precipitate GdF3:Tb and BaGdF5:Tb 





 ions in both GdF3 and BaGdF5 based scintillators and 
increase in luminescence intensities with increasing Tb doping concentrations. It was 
found that BaGdF5 based scintillators are more efficient than the GdF3 based scintillators 
due to the higher density, increased nanocrystal volume compared to glass matrix, and 
the quantum cutting effect. We also found that when GdF3 was added to the BaGdF5 
nanocrystal based scintillator raw materials before the melt-quenching procedure, it can 
increase the nucleation rate. With the addition of GdF3, the scintillators required a lower 
annealing temperature (700 °C -> 600 °C) to precipitate BaGdF5 nanocrystals and a 
higher nanocrystal to matrix volume fraction could be achieved (33.4% -> 37.4%) with 
more uniform homogeneous distribution of nanoparticles. Gamma-ray results indicated 
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that the performance of the BaGdF5 nanoparticle based scintillators was further improved 
(by 2.4 times) with GdF3 added as a nucleating agent.  
We have also successfully developed 2D photonic crystal structures for enhancing 
the light outcoupling of the scintillators to PMTs. We have optimized the design of the 
2D PhC structure with the maximized bangap width of 28 nm centered at 543 nm through 
simulations. The fabrication process utilizing e-beam lithography and inductively coupled 
plasma reactive ion etching were successfully developed. However, it was later realized 
that the developed fabrication processes were limited by the current tools and that an 
alternative fabrication approach must be explored. During this process, it was also 
realized that the 2D PhC structure could be used in an alternative application such as high 
speed strain/stress (dynamic loading) sensors. Several 2D PhC structures with different 
lattice arrangements and geometries were fabricated with varying lattice constants to 
simulate the effect of the compression. The increase in the angle of reflected light were 
observed as the lattice parameter increased which indicates a promising potential of the 
2D PhC structures as dynamic loading sensors under various light sources. However, this 
would require a complicated collection setup with an angular measurement capability. 
Thus, sensor geometries that exploit a spectral shift capability were investigated. 
We have also determined the optimized DBR design maximizing the shock sensor 
performance within the local constraint. Following the design and working within the 
restrictions currently set by the fabrication tools, we have successfully fabricated 5 and 
11 bilayers DBR structures with SiOA and SiOB with respective thickness of 220 nm and 
234 nm and refractive index of 1.7 and 1.6 at 500 nm. The fabricated DBR structure was 
placed under a dynamic loading of ~4 GPa and the reflectance peak shift of ~14 nm was 
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detected in 8.4 ns. The peak widening (or separation) observed during the dynamic 
loading experiment also suggests that the DBR structure can have spatial resolution in the 
direction of the applied shock pressure. These results successfully demonstrated the 
promising potential of the DBR structure as a shock sensor. Also, this DBR structure can 
further provide us an insight on how the SiOx materials with different composition 
behave under an extreme condition such as shock pressure. 
Asymmetrical metallic OMC structures (AOMC) were successfully designed and 
fabricated to be used as a dynamic loading sensor with the advantage of high temporal 
resolution with various cavity materials (Al2O3, SiO2 and PMMA). The AOMC with a 
SiO2 cavity layer showed the most promising optical properties as a sensor and the design 
was modified following the initial device fabrication to improve the stability and the 
optical properties directly related to the sensor’s performance by incorporating thin 
adhesion layers of Al2O3. The successfully developed and optimized design with thin Ag 
mirrors and SiO2 cavity along with the adhesion layers were subjected to dynamic 
loading of approximately 4 GPa which led to blueshift of 22 nm with temporal resolution 
of 3.3 ns. This promising results showed the advantage of the AOMC structure compare 
to the DBR ML structure; fast temporal response due to thinner device thickness as well 
as the potential for providing the 2D spatial resolution.  
In summary, we have gained valuable fundamental insights on the effects of 
various structural, chemical and materials factors and their correlation on the 
performance of the transparent nanocomposite scintillators as well as the dynamic 
loading sensors. This information can help us further improve these devices and may 
assist in commercialization of a significantly cheaper alternative scintillator and a sensor 
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or a diagnostic tools offering 2D spatial resolutions with fast, nano-second temporal 
resolution. 
6.2 Future Works 
While significant improvement of scintillation performance was demonstrated, 
the light output under x-ray and gamma-ray excitation needs to be further enhanced in 
order to aggressively replace the current scintillators. In addition, even though the 
dynamic sensing has been demonstrated, the sensor performances need to be improved 
and the sensor’s capability in 2D spatial resolution must be demonstrated.  
For the transparent nanocomposite scintillators, several routes can be taken to 
improve the scintillation performance. The current system can be further improved with 
more comprehensive studies. For example, judicious manipulation of BaGdF5 and Tb 
concentrations as well as the thermal treatment conditions should be performed. 
Furthermore, the incorporation of CsF can be more carefully and fully analyzed; to 
improve the refractive index matching between the glass matrix and the nanocrystals. 
This can further improve the ceiling of the nanocrystals concentrations and the volume 
fraction of nanocrystal to glass matrix without causing light scattering. The second 
approach is utilizing a different kind of nanocrystal. There are alternative cubic 
nanocrystals that can be possible formed in the glass matrix such as LiGdSiO4, LnBGeO5 
and GdBGeO5. As the effect of the nanocrystal on the light output is significant, they 
must be properly investigated. Lastly, as the potential benefit of the 2D photonic crystal 
had been demonstrated, an alternative fabrication technique such as nanoimprint 
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lithography which can fabricate the pattern at low cost must be investigated to enhance 
the light out-coupling of the scintillators to PMTs.  
Both the AOMC and the DBR ML structures had demonstrated their capabilities 
as the dynamic loading sensors with excellent temporal resolutions. However, their signal 
to noise along with other spectral features can be further improved. For the AOMC 
structure, it was demonstrated that the reflectivity of the Ag mirror layer had significant 
effects on both the peak transmission and the FWHM. Therefore, investigation on 
depositing Ag layers at an elevated temperature to ensure smoother and a higher 
reflective surface are expected to be beneficial. Also, we have learned that the thickness 
of the device does not exacerbate the temporal resolution as significantly as expected. 
Thus, we can also try incorporating a thicker SiO2 cavity layer utilizing a higher mode 
number (5 or 6) which would significantly improve the signal to noise ratio while 
reducing the FWHM. For the DBR ML structures, we should further improve the current 
device (SiOx) and also investigate devices utilizing other materials. Further improving the 
current device growth and processing conditions should be performed to reduce thickness 
variation errors. Also, we need to experimentally determine the optimum device 
thickness and the number of bilayers. These approaches will improve the signal to noise 
ratio while reducing the FWHM. Another material that can be investigated is silicon 
oxynitride (SiOxNy). Similar to SiOx, SiOxNy materials have compositionally tunable 
refractive index, and the materials properties (such as density and the modulus) are 
expected to be similar between compositional variants. Additionally, unlike SiOx, SiOxNy 
is highly transparent in all the visible light range. Therefore, the DBR ML structure 
utilizing SiOxNy can have improved signal to noise ratio by reducing the wasted light due 
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to absorption. When both structures have improved their spectral properties, they should 
be subjected to different dynamic pressures at different locations to investigate their 
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